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Direct ammoxidation of propane to acrylonitrile (ACN) has received significant attention 
of the scientific community in recent decades because propane is cheaper, more abundant and 
environmentally friendlier than the current propylene feedstock. The MoVTeNbOx M1 phase 
catalysts display the highest propane conversion and ACN yield (~ 60 mol. %). However, the ACN 
yield over the M1 phase is insufficiently high in order to replace the current Sohio process, 
employing the propylene feedstock to produce ACN with a ~ 81 mol. % yield. Therefore, there is 
currently a global effort in understanding the atomic structure and catalytic behavior of these 
catalysts in order to design improved M1 phase catalysts for propane ammoxidation.  
Accordingly, this PhD thesis aimed to pursue the following objectives: 1) improve the 
HAADF-STEM1 image analysis and provide accurate metal site occupancies in the M1 phase; 2) 
develop new probability models which correlate the catalytic performance with metal distributions 
of the M1 phase; 3) elucidate the nature of M1/M2 phase cooperation for all chemical compositions.  
The HAADF-STEM image simulations were performed in order to determine accurate 
metal distributions in the MoVTeTaO M1 phase catalyst for propane ammoxidation. QSTEM 
simulation software was chosen due to the excellent agreement between experimental and 
simulated HAADF-STEM images. The QSTEM-based HAADF-STEM image analysis method 
successfully provided accurate metal distributions in the MoVTeTaO M1 phase as compared to 
previously reported metal occupancies determined by the Z2-based HAADF-STEM image analysis.  
                                                                
1 High-angle annular dark field scanning transmission electron microscopy 
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Three probability models (Model 1-3) were advanced and investigated in this thesis based 
on metal distributions determined by the QSTEM-based HAADF-STEM image analysis. The 
correlations between the Mo/V distributions in MoVTeTaO M1 phase catalysts and their catalytic 
behavior in propane ammoxidation were proposed for Model 1 (based on the probability of finding 
1-2 V5+ cations in the proposed S3-S4-S4-S7-S7 catalytic center), Model 2 (based on the total V 
content in the S2-S4-S4-S7-S7 catalytic center), and Model 3 (based on the probability of finding 
more than 2 V cations in the S2-S4-S4-S7-S7 catalytic center). Model 1 suggested V5+ in S3 may 
activate propane. Model 2 and Model 3 emphasized the importance of total V content and multiple 
VOx sites in the S2-S4-S4-S7-S7 catalytic center for catalytic reactivity in propane ammoxidation, 
respectively. 
The kinetic study of the MoV(Te,Sb)(Nb,Ta)Ox M1 and M2 phases in propylene 
ammoxidation indicated that the M2 phases are less active than the corresponding M1 phases in 
propylene ammoxidation. The findings of this study do not support the existence of the synergy 
effect for any M1/M2 compositional variant. Instead, the observed behavior of 
MoV(Te,Sb)(Nb,Ta)O catalysts was consistent with partial loss of some surface active species 
from the M1 phase surface during the H2O2 treatment and generation of fresh ab planes of the M1 
phase via mechanical grinding of the H2O2-treated M1 phase. These findings provided further 
evidence that the M1 phase is the only phase required for the activity and selectivity of the 
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Chapter 1. Introduction 
1. 1 General introduction 
Acrylonitrile (ACN), C3H3N, is a key chemical intermediate used in making acrylic fibers, 
thermoplastics, and nitrile rubber [1]. Annual worldwide demand of ACN in 2008 was 4,500,000 
tons and is expected to reach 5,500,000 tons in 2015 [2]. Furthermore, the demand for ACN is 
predicted to rise to 8,000,000 tons by 2023 according to a recent PCI report published (PCI 
Acrylonitrile Ltd.) [2]. 
Most of commercial ACN production practiced in the world today (~ 95 %) is via catalytic 
ammoxidation of propylene known as the Sohio process developed in the 1950s by the Standard 
Oil Company of Ohio [1]. In the Sohio process, vapor phase of propylene, ammonia, and air passed 
through fluid or fixed bed reactors loaded with a suitable catalyst at 300 – 500 °C and 1.5 – 3 bar 
[3]. Besides the original BiPMoO catalyst, various Mo-based mixed metal oxides were also 
developed for the Sohio process. The best commercial catalyst for the Sohio process, e.g., 
(K,Cs)0.15(Ni, Mg, Mn)7.5(Fe,Cr)2.3Bi0.5Mo12Ox/SiO2, results in ~ 80 mol. % yield of ACN at ~ 95% 
propylene conversion [4]. 
 
Figure 1.1. Historical propylene-propane price difference (2001-2012) in worldwide [5]. 
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In recent decades, the replacement of current propylene feedstock by natural gas-based 
propane in direct ammoxidation to ACN, has received significant attention of the catalysis 
community for the following reasons. First of all, the price of propylene that accounts for 70 % of 
the entire ACN production costs is much higher than that of propane. In addition, the price 
difference that used to be historically ~ 400 $/mt (Figure 1.1), further widened recently due to a 
rapid growth of shale gas extraction in the U.S. and Canada, which is a new source of propane 
production [6]. Secondly, there is a risk of propylene shortage due to its increasing demand for 
nitriles and other derived products from propylene. According to a recent report (Global Propylene 
& Derivatives Summit), it is estimated that an additional 2 million metric tons per year of 
propylene will be required by 2015 to keep up with the derivatives market growth [7]. Additionally, 
the global demand for propylene is expected to grow to 130 million tons by 2023 according to 
another study (iHS Chemical North American Propylene Supply Study) [8]. Lastly, the 
replacement of propylene by propane could produce benefits from an environmental point of view 
due to a reduction in the production steps from the crude oil. For example, the traditional 
production of propane only involves one step, the distillation of petroleum, while that of propylene 
needs two steps process, i.e., the distillation and cracking stages of petroleum [9]. 
Therefore, replacing propylene by propane is expected to be the most significant 
development in reducing the production costs of ACN [3]. In industry, in 2013 Asahi Kasei 
announced a start-up of the world’s first propane-based acrylonitrile plant in Thailand employing 
a MoVTeNbOx mixed metal oxide as the catalyst with a projected annual production capacity of 
200,000 tons [10]. The list of catalysts developed for propane ammoxidation and their catalytic 
performance are presented in Table 1.1. For the purpose of comparison, the Sohio process using 
propylene as a feedstock is also shown in Table 1.1.  
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Table 1.1. List of catalysts and their catalytic performance in propane ammoxidation to ACN. 
 Catalyst composition X (mol.%) S (mol.%) Y (mol.%) 
Sohio [11] Co4.5FeNi2.5BiP0.5K0.07Mo12O55 98 83 81 
Asahi [12] MoV0.33 Te0.22Nb0.11On 90 66 59 
Mitsubishi [13] MoV0.3 Te0.23Nb0.12On 91 65 60 
BP [14] VSb5W0.5Te0.5Sn0.5Ox 69 57 39 
BP [15] VSb1.4Sn0.2Ti0.2Ox 14 62 9 
VAION [16] vanadium aluminum oxynitrides 55 66 36 
X is conversion of propylene or propane; S is selectivity to ACN; Y is yield of ACN. 
 
The MoVTeNbOx catalysts developed by Asahi and Mitsubishi companies display the 
highest propane conversion and ACN yield (~ 60 mol. %) among all propane ammoxidation 
catalysts presented in Table 1.1. However, this ACN yield (~ 60 mol. %) is insufficiently high in 
order to replace the current Sohio process which produced ACN with the 81 mol. % yield (Table 
1.1). These results suggest that the key to successful commercialization of the catalysts for propane 
ammoxidation is their further improvements in terms of the selectivity to and yield of ACN.  
1.2 Structure of the MoVTeNbO M1 and M2 phases 
As shown in Table 1.1, the most promising system for one-step propane ammoxidation to 
ACN is the Mo-V-M (M= a combination of Nb, Te, Sb, and Ta) mixed metal oxide containing so-
called M1 and M2 phases [17-29]. In particular, the MoVTeNbO catalytic system displays the best 




Figure 1.2. Crystal structures of MoVTeNbOx (a) M1 phase [4, 31] (b) and M2 phase [4, 32]. 
 
The M1 phase has an orthorhombic crystal structure shown in Figure 1.2a with a generic 
formula of Mo7.8V1.2NbTe0.94O28.9  (Pba2: a=21.1337 Å, b=26.6440 Å , c=4.01415 Å, z=4) [33]. 
The M2 phase has an orthorhombically distorted hexagonal tungsten bronze structure (Figure 1.2b) 
with a generic formula of Mo4.67V1.33Te1.82O19.82 (Pmm2: a=12.6294 Å, b=7.29156 Å, c=4.02010 
Å, z=4) [33]. The bulk crystal structures of M1 and M2 phases have been investigated by several 
groups using neutron and synchrotron X-ray powder diffraction techniques [32-36]. The metal 





Table 1.2. Metal occupancies of structure models for MoVTeNbOx M1 catalyst. 
Sites 
Reference model 1 
[35] 
Reference model 2 
[34] 
Reference model 3 
[33] 














1 Mo5+ 0.464 Mo5+ 0.8 Mo5+ 0.74 Mo5+ 0.70 
1 V4+ 0.536 V4+ 0.2 V4+ 0.26 V4+ 0.30 
2 Mo5+ 0.63 Mo5+ 0.2 Mo5+ 0.38 Mo5+ 0.42 
2 V4+ 0.37 V4+ 0.8 V4+ 0.62 V4+ 0.58 
3 Mo6+ 0.46 Mo6+ 0.5 Mo6+ 0.58 Mo5+ 0.57 
3 V4+/V5+ 0.46/0.08 V5+ 0.5 V5+ 0.42 V5+ 0.43 
4 Mo6+ 0.88 Mo6+ 1 
Mo6+/Mo5
+ 
0.5/0.5 Mo5+ 0.80 
4 V4+/V5+ 0.10/0.02 – – – – V5+ 0.20 
5 Mo6+ 0.8 Mo6+ 1 Mo6+ 1 Mo6+ 0.95 
5 V4+/V5+ 0.17/0.03 – – – – V5+ 0.05 
6 Mo6+ 1 Mo6+ 1 Mo6+ 1 Mo6+ 0.88 
6 – – – – – – V5+ 0.12 
7 Mo6+ 0.62 Mo6+ 0.5 Mo6+ 0.68 Mo5+ 0.76 
7 V4+/V5+ 0.33/0.05 V5+ 0.5 V5+ 0.32 V5+ 0.24 
8 Mo6+ 1 Mo6+ 1 Mo6+ 1 Mo6+ 1 
9 Nb5+ 1 Nb5+ 1 Nb5+ 1 Nb5+ 1 
10 Mo6+ 1 Mo6+ 1 Mo6+ 1 Mo6+ 1 
11 Mo6+ 1 Mo6+ 1 Mo5+ 1 Mo6+ 1 
12 Te4+ 0.689 Te4+ 1 Te4+ 0.74 Te4+ 0.71 
13 – – – – Te4+ 0.2 Te4+ 0.15 
 
As shown in Table 1.2, all structure models showed appreciable differences of metal site 
occupancies in the M1 phase lattice due to its the structural and compositional complexity [33-36]. 
Specifically, significant variations of Mo and V occupancies in the linking sites 1, 2, 3, 4, and 7 
were observed for all structure models in Table 1.2. Therefore, it appeared that the accurate 
determination of metal site occupancies of the MoVTeNbOx M1 phase by bulk characterization 
techniques, such as neutron and synchrotron X-ray powder diffraction, might be problematic. 
Recently, Pyrz et al. [37-39] employed the HAADF-STEM imaging to determine metal 
distributions in the MoVTe(Nb, Ta)O M1 phase catalysts based on the ability of this technique to 
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provide the details of their crystal structure and elemental composition with sub-angstrom 
resolution. They successfully provided metal distributions in the MoVTe(Nb, Ta)O M1 phase 
catalysts through the HAADF-STEM image analysis [37-39]. Representative HAADF-STEM 
images of the MoVTe(Nb,Ta)O M1 phase catalysts (a – c) and corresponding atomic column 
contrasts (d) are shown in Figure 1.3.  
 
Figure 1.3. The HAADF-STEM images of (a) MoVTeO M1, (b) MoVTeNbO M1, (c) 
MoVTeTaO M1 looking down the [001] direction and (d) their corresponding atomic column 
contrast ratios in M1 phases [38]. 
 
A similar HAADF-STEM image analysis method was also used in our earlier study [40] 
which provided fairly accurate information about metal distributions in the MoVTeTaO M1 phase 
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catalysts. However, the HAADF-STEM image analysis methodology employed in our earlier study 
[40] was subject to two important limitations. First of all, the interpretation of HAADF-STEM 
images is still under development, especially in terms of metal occupancies of the atomic columns 
[41-46]. Secondly, the HAADF-STEM image analysis method was overly simplified and many 
assumptions were made during the interpretation of HAADF-STEM images [40]. For instance, 
one such assumption was that the image intensity is proportional to Zn, where Z is the atomic 
number and n is equal to 2 according to the Rutherford scattering [47, 48]. However, multiple 
studies suggested that n varies significantly (1.5 < n < 2) depending on the experimental parameters 
and contribution of thermal diffuse scattering [26-28].  
In a subsequent study, Blom et al. [49] further developed their HAADF-STEM image 
analysis by introducing the multislice method with frozen phonon approximation that has emerged 
as a well-established simulation technique for the image interpretation [50]. Figure 1.4 reports the 
results of Blom et al. [49] who compared the simulation results from two different refinement 
structure models, DeSanto et al. [33] and Li et al. [36], with the experimental HAADF-STEM 
image results. It was found that there was a good agreement between the simulation and experiment 
for low V occupancy sites as well as pentagonal ring sites of the M1 phase. However, the simulated 
intensity was found to be lower than the experimental intensity for high V occupancy sites of the 
M1 phase and the simulated intensities for V occupancy between 24 and 30% were 
indistinguishable. Those discrepancies were explained by the possibility of near-surface 
enrichment of one element in the Mo/V mixing sites of the M1 phase. Furthermore, it was also 
observed that simulated intensities resulted from either structure models at site 9 did not match 





Figure 1.4. Experimental HAADF intensities relative to S8 compared to simulated results for a 
20 unit cell thick (c-axis) specimen using either the DeSanto et al. [33] or the recent Li et al. [36] 
model structure [49].  
In a recent study using the high-temperature HAADF-STEM imaging, Blom et al. [51] 
found that the corner-sharing octahedra forming the proposed catalytic sites containing V5+ were 
partially disordered while the edge-sharing pentagonal bipyramidal {Nb(Mo5)} sublattice 
remained structurally more rigid and thereby maintained the overall structural integrity of the 
catalyst. It was suggested that the concept of making structurally flexible catalytic sites within a 
rigid superstructure, which maintains the structural integrity of the catalyst will be useful for 




Figure 1.5. SEM images of MoVTeTaO M1 phase catalysts: (a) M1 phase prepared by 
hydrothermal synthesis (HT) in present study (b) M1 phase prepared by slurry evaporation 
synthesis (SE) [52]. 
It is also important to note that the slurry evaporation (SE) synthesis method used in the 
previous HAADF-STEM image analysis study [38] is known to exhibit limited control over the 
morphology and chemical composition of the M1 phase. For example, the SEM images of the 
MoVTeTaO M1 phases prepared by HT method showed a much better defined crystal morphology 
and typical rod-like crystal habit of the M1 phase as compared to that of the MoVTeTaO M1 phase 
prepared by SE method [52] shown in Figure 1.5. Indeed, the MoVTeTaO M1 phase made by the 
SE method [38] revealed some unusual microstructural features expected to be related to its 
selectivity to ACN according to the site isolation model [53]. According to the site isolation model, 
Nb or Ta cations, present at site 9 and surrounded by five Mo cations spatially isolate adjacent 
proposed active centers from one another and thus enhance the selectivity to ACN in propane 
ammoxidation. As shown in Figure 1.6, the Ta segregation from the surface to the bulk was 
observed in the previous HAADF-STEM study of the M1-Ta catalyst made by the SE method 
where site 9 (the center of pentagonal sites) in the surface region (Figure 1.6b) appeared much 
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brighter than that in the bulk (Figure 1.6a) [38]. On the other hand, the HT method was shown to 
offer better control over the nucleation and growth of polycrystalline mixed metal oxides [54-56]. 
However, the Ta, V, and Mo locations and partial site occupancies in hydrothermally synthesized 
M1 phases have not been yet investigated by the HAADF-STEM.  
 
Figure 1.6. The HAADF-STEM images of the MoVTeTaO viewed down the [001] direction; (a) 
center of M1 crystal; (b) surface region of M1 particle [38]. 
11 
 
1.3 Reaction pathway and mechanism of propane ammoxidation over M1 (and M2) phases 
 
Figure 1.7. Hypothetical propane ammoxidation pathway over M1 and M2 phases catalysts [4, 
57]. 
 
Grasselli et al. [31, 57-59] proposed a hypothetical reaction pathway for propane 
ammoxidation over the M1 and M2 phase catalysts (Figure 1.7). According to this pathway (Figure 
1.7), the M1 phase is proposed to be solely responsible for propane activation leading to a surface 
adsorbed propyl radical, which is further converted on the surface of the M1 phase to adsorbed 
propylene. This adsorbed propylene on the surface of the M1 phase is converted to ACN directly 
or it could be desorbed and reabsorbed on the M1 and M2 phase and then further converted to 
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ACN and/or COx depending on sites it encounters. It was further suggested that propylene 
desorbed from the M1 phase can be efficiently converted to ACN over adjacent M2 phase particles 
giving rise to the proposal of M1/M2 phase cooperation [31, 52, 60, 64, 65]. As indicated above, 
the M2 phase is completely inactive towards propane, which is understood by the lack of propane 
activating V5+ sites in this phase. 
 
Figure 1.8. Hypothetical propane ammoxidation mechanism over MoVTeNbO M1 and M2 phases 
[4, 58]. 
A hypothetical propane ammoxidation mechanism over MoVTeNbO M1 and M2 phases 
proposed by Grasselli et al. [31, 52, 57, 60] is shown in Figure 1.8, and the proposed catalytic 
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center containing seven metal lattice sites of MoVTeNbO M1 phase is shown inside the green 
rectangle in Figure 1.9.  
 
 
Figure 1.9.  Proposed catalytic center present in ab planes of MoVTeNbO M1 phase [31, 57-59]. 
The activation of methylene-H in propane is proposed to take place on a surface V5+ site 
(S7)1 of the M1 phase (Figure 1.8) as the first step in propane ammoxidation. The resulting propyl 
radical would lose another methylene-H to the oxygen of an adjacent Te4+ site (S12) and produce 
                                                                
1 S1-S12 or M1-M12 (Figure 1.9) denote metal lattice site in the M1 phase. 
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propylene. Without desorption, π-electrons of the produced propylene then would coordinate with 
Mo6+ (S4), while Te4+ site (S12) would abstract allylic H atom. Adjacent Mo6+ (S4) would insert 
NH into the chemisorbed π-allylic radical thereby forming the ACN precursor, aided by the 
spectator oxo group (Mo=O) at S4. The subsequent ACN forming steps occur over molybdenum 
cations located at S4 and S5. 
1.4 Proposed M1/M2 phase synergy during propane (amm)oxidation 
The M1 phase was proposed to be responsible for propane activation and its selective 
transformation to ACN, while the M2 phase was proposed to play a secondary role by converting 
excess propylene intermediate that forms over the M1 surface into ACN [61, 62]. It has also been 
suggested that the M1 and M2 are promising for both propane oxidation to acrylic acid and propane 
ammoxidation to ACN and both processes were proposed to occur via the propylene intermediate 
[30, 62, 63]. 
Although the M1 phase contains the active and selective sites for propane (amm)oxidation, 
the presence of the M2 phase was proposed to improve the selectivity to acrylic acid in propane 
oxidation [63] and the selectivity to ACN in propane ammoxidation [60]. The improvement in the 
acrylic acid or acrylonitrile yield as a result of the MoVTeNbO M1 and M2 phase cooperation, or 
their synergy, in propane (amm)oxidation was claimed in a number of studies [31, 52, 60, 64, 65]. 
This synergy effect between the M1 and M2 was explained by excellent catalytic activity of the 
M2 phase in propylene ammoxidation; the M1 phase efficiently converts the propylene 
intermediate to ACN at high propane conversion (long residence times), but needs assistance of 
the M2 phase to convert propylene intermediate to ACN that desorbs at low propane conversion 




Figure 1.10.  (a) Synergy effect between M1 and M2 physical mixtures in propane ammoxidation 
[62]; ◊ pure M1 phase (Mo7.8V2.2Nb1.5Te0.9Ox); ■ M1 and M2 mixed as particles (250 –425 μm); 
● M1 and M2 mixed as powder (~5 μm); ♦ M1+M2 as in (●) and additionally heated at 823 K for 
1h; ▲ M1+M2 as in (●) and additionally heated at 873 K for 1 h. The physical mixtures contained 
50 wt.% of M1 and 50 wt.% M2, with surface area ratio of 4:1.  
(b) Acrylonitrile yield of the MoVTeNbO (Nb) and MoVTeTaO (Ta) system for propane 
ammoxidation as a function of M1 content [52].  
 
Table 1.3. Oxidation of propylene on MoVSbO catalysts [66] 
Catalys
t 
W/Fa Conversionb (%) 
Selectivity (%) 
Acrylic acid Acetic acid Acetone CO CO2 
M1c 150 74.8 76.7 2.1 1 13.7 6.5 
M2 480 36.7 0 27.9 15.9 42.6 12.5 
a Contact time, W/F, in g cat. h (molC3H6)
-1; b Propylene conversion at 653 K ; c M1 phase of 
MoVSbO was prepared by the washing procedure (3 cycles).  
 
 
It appeared that the synergy effect was only observed when M1 and M2 phase particles 
were located very close to one another; e.g., for a physical mixture of the M1 and M2 prepared 
separately and mechanically ground to powder size < 5 μm [62] as shown in Figure 1.10a. However, 
the extent of the M1/M2 synergy effect for the MoVTeNbO and MoVTeTaO was different as 
shown in Figure 1.10b. For example, the improved yield of ACN for the MoVTeNbO was ~ 63 % 
while that for MoVTeTaO was ~ 45 % as a result of the proposed synergy effect in Figure 1.10b 
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[52]. In the case of the MoVSb(Nb)O system, it was reported that the MoVSb(Nb)O M2 phase 
was not only inactive for propane oxidation but also poorly active and selective for oxidation of 
propane to acrylic acid [63, 67] contrary to that found for the MoVTeNbO system. Therefore, it 
was concluded that the synergy effect is absent for the MoVSb(Nb)O system for the oxidation of 
propane to acrylic acid. Furthermore, an earlier study from our group found no synergy between 
the MoVTeO M1 and M2 phases during propane ammoxidation: pure M1 and M1/M2 phase 
mixtures (75% M1 and 25% M2) of the MoVTeO catalysts showed similar catalytic activity in 
propylene ammoxidation, e.g., the initial rate of 5.2 (μmol/m2s) for the M1 and 5.4 (μmol/m2s) for 
the M2 at 693 K in the feed of C3H6/NH3/O2/He=6/7/17/70 [68].  
In the case of the MoVSbO system, Ivars et al. [66] found that the MoVSbO M2 phase 
showed a poor selectivity to acrylic acid in propylene oxidation as compared to the MoVSbO M1 
phase (Table 1.3) and suggested that the catalytic role of the MoVSbO M2 phase was different 
from that of the MoVTeNbO M2 phase in the oxidation of propane to acrylic acid. However, there 
is still a lack of understanding the role of the MoVSbO M2 phase as well as the existence of the 
synergy effect in propane ammoxidation to ACN for the MoVSbO M1/M2 system. Moreover, the 
synergy effect for all M1/M2 chemical compositions, MoV(Te,Sb)(Nb,Ta)Ox, reported to date for 
propane (amm)oxidation has not been studied systematically, and is, therefore, poorly understood 
at present time. 
1.5 Metal site distributions in M1 phase and their correlations with catalytic behavior 
It has been suggested that the surface ab planes of M1 phase contain active and selective 
sites for propane ammoxidation to ACN [56, 60, 69, 70]. A previous study of the MoVTeNbO M1 
phase catalyst selectively exposing ab planes provided further evidence that the ab planes of M1 
17 
 
phase may be responsible for high activity and selectivity of this catalyst in propane ammoxidation 
to ACN [71]. 
 
Figure 1.11. Metal site distributions in the catalytic center of the M1 phase and their predicted 
catalytic properties [58, 60].  
Grasselli et al. [31, 52, 57, 60] earlier proposed that the active and selective centers 
consisted of one (V4+/Mo5+), two (Mo6+/Mo5+), two (V5+/Mo6+), and two (Te4+) sites, respectively 
sites 2, 4, 7, and 11, present in the surface ab planes of the M1 phase (shown inside the green 
rectangle in Figure 1.8). Based on these proposed catalytic centers present in the ab planes of M1 
phase, it has been further proposed that the distributions of the constituent elements in the catalytic 
center correlated with the catalytic performance of the M1 phase in propane ammoxidation to ACN 
(Figure 11) [60]. It was assumed that one V5+ cation present in the catalytic center activates 
propane to ACN, two V5+ cations lead to waste products (COx), and the absence of V
5+ cations in 
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the catalytic center results in inactive centers. Based on these assumptions, Grasselli et al. [31, 52, 
57, 60] estimated that the MoVTeNbO M1 phase catalyst contained 44% of sites that were active 
and selective towards ACN, 46% of inactive sites, and 10% of waste-forming sites. The maximum 
ACN selectivity (or yield at 100% propane conversion) was predicted to be 82 mol. %, when the 
inactive sites were excluded from consideration. This predicted selectivity to ACN (82 mol. %) 
shown in Figure 1.11 is significantly higher than the experimental selectivity to ACN (62 mol. %) 
also reported by Grasselli et al. [60].  
In a more recent study, Grasselli et al. [58] suggested that the requirement of two vicinal 
Mo entities in, or nearby of, the catalytic center according to their proposed propane ammoxidation 
pathway (Figures 1.8 and 1.9) was not fully accounted for in the previous approach [31, 52, 57, 
60]. These two vicinal Mo entities should be adjacent to an α-hydrogen abstracting moiety, i.e., 
Te4+, for inserting an =O or =NH into an adsorbed allylic surface complex. Therefore, they 
expanded the original catalytic center (containing 7 cations in Figure 1.12a) to a total of 15 cations 
(Figure 1.12b) and analyzed the probability of its various chemical compositions. The 
methodologies to analyze the probabilities of compositions in the original catalytic center (Figure 
1.12a) described above and those in the expanded catalytic center (Figure 1.12b) are denoted as 
ORIG-1 model and ORIG-2 model, respectively. 
Grasselli et al. [58] proposed four different types of sites according to the ORIG-2 model 
(Figure 1.13): ACN forming S(AN), propylene forming S(P), waste forming S(W), and inactive 
S(I). Their assumptions were revised as follows: 1) ACN forming site must contain a V5+ moiety 
for propane activation located adjacent to a pair of vicinal Mo6+ sites; 2) propylene forming sites 
need the V5+ moiety situated adjacent to a Te4+ site; 3) waste-forming sites consist of two V5+ sites; 
4) inactive sites have no V5+ in the expanded catalytic center (Figure 1.13). Based on these 
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assumptions, the yields of ACN, propylene and COx were predicted to be was 41 mol. %, 41 
mol. %, and 18 mol. %, respectively, at 100% propane conversion while excluding the inactive 
sites from consideration (Figure 1.13). However, propylene can further react over the M1 phase to 
produce additional ACN under proper reaction conditions. Therefore, the predicted maximum 
yield of ACN would increase up to 82 mol. % if all propylene is allowed to completely convert to 
ACN.   
 
 
Figure 1.12. Metal cation distributions in the catalytic center of the M1 phase: (a) the original 





Figure 1.13.  Probabilities of metal cations in the expanded catalytic center of the M1 phase in the 
ORIG-2 model and predicted catalytic properties [58]. AN = acrylonitrile (ACN). 
 
In a subsequent study, Grasselli et al. [59] revisited the ORIG-1 and ORIG-2 models and 
recalculated the probabilities of the metal cation distributions in the original catalytic center (7 
cation sites) and the expanded catalytic center (15 cation sites) using the M1 phase structure 
recently revised by Li et al. [36]. The revised ORIG-1 and ORIG-2 models were denoted as REV-
1 and REV-2 models, respectively. Due to the differences in metal oxidation states and 
occupancies in the original and expanded catalytic centers based on the original [31] and revised 
M1 [36] structure models, different metal distribution probabilities and predicted ACN yields were 
calculated for REV-1 and REV-2 models (Table 1.4).  
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Table 1.4. Comparison of ORIG-1, ORIG-2, REV-1, and REV-2 models [59]. 
Expected function # Sites (%) 
 ORIG-1 ORIG-2 REV-1 REV-2 
Waste 10.2 10.2 20.9 26 
Active 43.6 43.6 41.8 36.9 
Inactive 46.2 46.2 37.3 37.1 
Expected product # Sites (%) 
 ORIG-1 ORIG-2 REV-1 REV-2 
Waste 18.0 18.0 33.3 41.3 
ACN 41.0 41.0 zero 42.9 
C3
= 41.0 41.0 66.7 15.9 
*Expected maximum yield of ACN 82.0 82.0 zero 58.8 
Experimental ACN yield (%) 
M1 41 
M2 62 
Thermodynamic Limit 100 
* ACN yield plus C3
= yield assuming all C3
= consecutively converted to ACN 
     
It is important to note the additional assumption made in the case of the REV-2 model. 
Unlike the ORIG-2 model, the REV-2 model was based on the revised M1 structure model [36] 
which indicated the absence of Mo6+ sites in the catalytic center. Accordingly, in REV-2, Mo6+ 
cations located in the immediate vicinity of the catalytic center were assumed to function as the 
sites for inserting NH into the chemisorbed π-allylic radical thereby forming the ACN precursor 
(Figure 1.14).  
As shown in Table 1.4, the expected maximum yield of ACN (ACN yield plus C3= yield 
assuming all C3= consecutively converted to ACN) is 58.8 mol. % in the case of REV-2, 0 % for 
REV-1, and 82 mol. % for ORIG-1 and ORIG-2. The expected maximum yield of ACN (~ 59 
mol. %) predicted by the REV-2 model is close to the optimal ACN yield observed for the M1/M2 




Figure 1.14. Probabilities of cations at the expanded catalytic center of the M1 phase and expected 
catalytic functions according to the REV-2 model [59]. AN = acrylonitrile (ACN). 
 
 In summary, Grasselli et al. [59] revisited the previous probability models, ORIG-1 and 
ORIG-2, and recalculated the probabilities of the cation distributions in the proposed original and 
expanded catalytic centers based on the M1 phase structure recently revised by Li et al. [36]. They 
found that the ORIG-1, ORIG-2, REV-2 models predicted a similar ACN yield (41-43 mol. %), 
but the expected maximum ACN yield in the case of REV-2 differed from that predicted by ORIG-
1 and ORIG-2. The expected maximum ACN yield (59 mol. %) predicted by REV-2 is in 
reasonable agreement with experimental observations, representing a significant improvement 
over earlier ORIG-1 and ORIG-2 models [59]. This result strongly suggested that probability 
models based on accurate knowledge of metal site occupancies in the M1 phase are highly 
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important for improving our understanding of fundament relationships between the chemical 
composition of the ab planes of M1 phase and its catalytic behavior in propane ammoxidation.   
Table 1.5. Mo and V occupancies in the original catalytic center based on HAADF-STEM 
image analysis [38].  
 MoVTeO MoVTeNbO MoVTeTaO 
Sites Mo (%) V (%) Mo (%) V (%) Mo (%) V (%) 
S2 57 43 50 50 42 58 
S4 62 38 79 21 95 5 
S7 53 47 74 26 85 15 
 
Table 1.6. Probability of 0-5 vanadium cations in the original catalytic center of M1 phase [38].  
# V atoms 





0 6 17 27 
1 23 38 50 
2 34 31 19 
3 26 12 3 
4 9 2 0 
5 1 0 0 
 
Table 1.7. M1 phase catalysts and their ACN yield [38]. 
Catalyst Nominal metal composition Synthesis method ACN yield (%) 
MoVTeO [68] Mo1.00V0.49Te0.17O Hydrothermal 8 
MoVTeNbO [33, 52] Mo1.00V0.31Te0.27Nb0.14O Slurry evaporation 43 
MoVTeTaO [32, 52] Mo1.00V0.31Te0.22Ta0.10O Slurry evaporation 41 
 
As mentioned in section 1.2, Pyrz et al. [38] determined the metal site occupancies in the 
MoVTeO, MoVTeNbO, MoVTeTaO M1 phase catalysts (Table 1.5) by employing the HAADF-
STEM image analysis and then estimated the probabilities of finding 0-5 V cations in the proposed 
S2-S4-S4-S7-S7 catalytic center (Table 1.6). They estimated that ~86 % of the MoVTeNbO, ~97 % 
of the MoVTeTaO, and 64 % of the MoVTeO M1 phases would have S2-S4-S4-S7-S7 centers 
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containing less than 3 V cations (Table 1.6). They further stated that the increasing V concentration 
in the catalytic center corresponded with the decreasing selectivity to ACN when the MoVTeO 
M1 catalyst was compared to the MoVTeNbO and MoVTeTaO M1 catalysts. However, no clear 
correlation between the probability of finding less than 3 V cations in the catalytic center and the 
ACN yield over the MoVTe, MoVTeNbO, and MoVTeTaO catalysts was suggested by the ACN 
yield data shown in Table 1 [38], also reproduced here as Table 1.7. It should be noted that 
vanadium probabilities in the catalytic center computed by Pyrz et al. [38] did not consider 
vanadium oxidation state, whereas the ORIG-1 model described by Grasselli et al. [31, 52, 57, 60] 
accounted for the oxidation states of vanadium by explicitly calculating the probability of V5+ in 
the proposed catalytic center (S2-S4-S4-S7-S7).  
The lack of correlations between the vanadium probabilities in the catalytic center and the 
catalytic performance of the M1 phase may be also explained by the limitations of the Z2-based 
HAADF-STEM image analysis method employed in the previous study to determine metal 
occupancies in the ab planes of the MoVTeNb(Ta)O M1 phase catalysts [38]. Improved predictive 
power of the REV-2 model stressed the importance of using an accurate M1 structure model. 
However, the metal occupancies in the catalytic center of the MoVTeNb(Ta)O M1 phase catalysts 
determined by the previous HAADF-STEM image analysis were subject to several important 
limitations as described in section 1.2.  
In a subsequent study, Blom et al. [49] further improved the HAADF-STEM image 
analysis of the M1 phase by employing the full frozen phonon multslice simulation. However, as 
discussed in section 1.2, limited agreement was observed between the experiment and simulation 
for medium to high V occupancy sites. Moreover, significant changes of the simulated intensity 
were observed for the mixed Mo/V sites in the MoVTeNbO M1 phase as a function of specimen 
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thickness. Therefore, these findings stressed the need to develop a further improved HAADF-
STEM methodology for accurate determination of the metal occupancies in the M1 phase that 
could be used to establish predictive correlations with their catalytic performance in propane 
ammoxidation. 
1.6 Scope of this thesis 
As discussed above, the fundamental relationships between the Mo/V composition of the 
proposed catalytic centers present in the surface ab planes of the M1 phase and their reactivity in 
propane ammoxidation to ACN are poorly understood at present. The following major objectives 
were pursued in this thesis in order to improve the fundamental understanding of this catalytic 
system: 
 Improve the HAADF-STEM image analysis to provide accurate metal site distributions in 
the M1 phase catalysts 
 Develop predictive probability models of the catalytic performance based on improved 
metal site distributions in the M1 phase  
 Elucidate the nature of M1/M2 phase cooperation for all chemical compositions. 
Chapter 2 described the MoVTeTaO M1 phase catalysts that were successfully synthesized by 
conventional hydrothermal (HT) and microwave-assisted (MW) approaches employing Ta 
ethoxide and Ta oxalate as Ta sources. The Z2-based HAADF-STEM image analysis of 
MoVTeTaO M1 phase catalysts provided metal lattice site occupancies and confirmed that Ta is 
exclusively located in site 9. The profile intensity analysis of the M1 phase oriented along the [hk0] 
directions indicated that the chemical composition of surface ab planes is very similar to their 
composition in the bulk. The obtained Mo/V site distributions of MoVTeTaO M1 phase catalysts 
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were initially employed to predict theoretical selectivities to ACN according to reported 
approaches, but no clear correlations were obtained with observed catalytic behavior of 
MoVTeTaO M1 phase catalysts in propane ammoxidation. 
Therefore, three new models, so-called Models 1-3, were proposed and probed in this study to 
predict the catalytic behavior of five MoVTeTaO M1 phase catalysts. Model 1, where site S3 was 
incorporated into the proposed S3-S4-S4-S7-S7 catalytic center, was unable to correlate the 
catalytic performance of MoVTeTaO M1 phase catalysts in propane ammoxidation with the S3-
S4-S4-S7-S7 center composition. However, Models 2 and 3 advanced in this study suggested 
correlations between new descriptors of the Mo/V distribution in the ab planes of the MoVTeTaO 
M1 phase catalysts and their catalytic behavior in propane ammoxidation. Specifically, enhanced 
ACN yields and 1st order irreversible reaction rate constants for propane consumption, k”ab, 
normalized to the estimated surface ab plane areas, correlated with increasing total V content in 
the S2-S4-S4-S7-S7 center (Model 2) or the probability of finding more than two V cations in the 
S2-S4-S4-S7-S7 center (Model 3). The correlations for k” were observed only when k” was 
normalized to the surface ab plane areas (as opposed to the total BET surface areas), lending 
further support to the idea that the surface ab planes may contain the active and selective surface 
sites for propane ammoxidation. The correlations obtained for Model 3 emphasized the importance 
of multiple VOx sites for the catalytic activity and selectivity in propane ammoxidation.  
In Chapter 3, the QSTEM-based HAADF-STEM image simulations were performed in order 
to obtain accurate metal site distributions in the MoVTeTaO M1 phase. The QSTEM image 
simulations employed the multislice method with the frozen phonon approximation. The effects 
of several key experimental parameters, i.e., detector geometry, specimen thickness, and thermal 
diffuse scattering (TDS), on atomic column intensities observed in simulated HAADF-STEM 
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images were investigated. This study indicated that all parameters investigated had a marked 
influence on atomic column intensities in the M1 phase.  
A novel method for the accurate determination of metal site distributions in the M1 phase was 
developed by matching the normalized atomic column intensities in simulated and experimental 
HAADF-STEM images. The QSTEM-based HAADF-STEM image analysis provided accurate 
metal site distributions in the M1 phase and, furthermore, indicated a significantly lower V 
occupancy in linking sites, S1, 2, 3, 4, and 7 and higher Ta occupancy in S9 as compared to the 
results of Z2-based HAADF-STEM image analysis.  
In Chapter 4, accurate metal site distributions in the MoVTeTaO M1 phase catalysts 
determined by the QSTEM-based HAADF-STEM image analysis were employed to validate 
Models 1-3 described in Chapter 2, where these models were investigated based on the metal 
distributions determined by the Z2-based HAADF-STEM image analysis.  
The presence of correlations between the Mo/V distributions in MoVTeTaO M1 phase 
catalysts and their catalytic behavior in propane ammoxidation were proposed based on Model 1 
(the probability of 1-2 V5+ in the S3-S4-S4-S7-S7 center), Model 2 (the total V content in the S2-
S4-S4-S7-S7 center), and Model 3 (the probability of finding more than two V cations in the S2-
S4-S4-S7-S7 center). Specifically, the ACN yield and 1st order irreversible reaction rate constants 
for propane consumption normalized to the ab plane areas, k”ab, correlated with (1) the probability 
of 1-2 V5+ in the S3-S4-S4-S7-S7 center (Model 1); (2) total V content in the S2-S4-S4-S7-S7 
center (Model 2); and (3) the probability of more than 2 V cations in the S2-S4-S4-S7-S7 center 
(Model 3). The observed relationship between the probability of finding 1-2 V5+ cations in the S3-
S4-S4-S7-S7 center of M1 phase and its catalytic behavior according to Model 1 suggested that 
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V5+ in S3 can also activate propane. A correlation between the probability of finding more than 2 
V cations in the S2-S4-S4-S7-S7 center and corresponding reactivity according to Model 3 
emphasized the importance of multiple VOx sites for the catalytic activity and selectivity in 
propane ammoxidation 
In Chapter 5, we systematically explored the MoV(Te,Sb)(Nb,Ta)O M1 and M2 phase 
catalysts prepared by the slurry evaporation (SE) and hydrothermal synthesis (HT) methods. It was 
found that the newly synthesized MoVSbTaO M1 and M2 phases are also active and selective to 
ACN in propane (M1) and propylene (M1 and M2) ammoxidation. It was found that the M2 phases 
possessing the MoVTeNbO, MoVTeTaO, MoVSbNbO, MoVSbTaO compositions are active in 
propylene ammoxidation, but have different selectivities to ACN depending on the chemical 
composition.  
Most importantly, the kinetic study of the MoV(Te,Sb)(Nb,Ta)O M1 and M2 phases in 
propylene ammoxidation revealed for the very first time that that the M2 phases are significantly 
less active than the M1 phase in propylene ammoxidation. The findings of this study do not support 
the existence of the synergy effect for any M1/M2 compositional variant. Instead, the observed 
behavior of MoV(Te,Sb)(Nb,Ta)O catalysts was consistent with partial loss of some surface active 
species from the M1 phase surface during the H2O2 treatment and generation of fresh ab planes of 
the M1 phase via mechanical grinding of the H2O2-treated M1 phase. These findings provided 
further evidence that the M1 phase is the only phase required for the activity and selectivity of the 
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Chapter 2. HAADF-STEM study of Mo/V distributions in Mo-V-Te-Ta-O M1 
phases and their correlations with surface reactivity 
2. 1. Introduction 
The detailed atomic-scale information about the surface structure and chemical 
composition of crystalline mixed metal oxides that are currently investigated for the direct propane 
ammoxidation to acrylonitrile (ACN) is critical for understanding the fundamental surface 
structure-reactivity relationships and further improving these catalytic materials for this practical 
application. However, the characterization of topmost surface in such polycrystalline mixed metal 
oxides, as the M1 phase, remains a long-standing challenge in materials science of catalytic 
materials because the vast majority of spectroscopic and structural tools are bulk techniques [1-4]. 
In recent years, High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy 
(HAADF-STEM) possessing sub-angstrom resolution emerged as a promising tool to study the 
structure and compositions of crystalline multicomponent metal oxides [5-7]. Pyrz et al. [8-11] 
analyzed the HAADF-STEM images of the M1 phases and determined the local chemical 
composition of the ab planes of this phase proposed as the location of the active centers for propane 
ammoxidation. However, the local chemical compositions of the ab planes of the MoVTeTa M1 
phase determined in previous HAADF-STEM studies were essentially bulk compositions based 
on average intensities of entire atomic columns corresponding to a large number of ab planes and 
[8-11]. Additionally, in a recent study, Blom et al. [12] found that the corner-sharing octahedra 
forming the catalytic sites containing V5+ are partially disordered while the edge-sharing 
pentagonal bipyramidal {Nb(Mo5)} sublattice remains structurally more rigid and theryby 
maintains the overall structural integrity of the catalyst through high temperature STEM imaging. 
They proposed the concept of making catalytic sites that are structurally flexible within a rigid 
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superstructure maintaining the structural integrity of the catalyst would be important for designing 
a new heterogeneous multifunctional catalyst [12].  
Therefore, the first major objective of this study was to explore the potential of HAADF-
STEM to analyze the composition of the topmost ab planes of the M1 phase. This profile HAADF-
STEM study probed the intensities of atomic columns, which were entirely located within the 
surface ab planes by investigating the [hk0] crystal orientations of the M1 phase. Moreover, this 
profile HAADF-STEM technique enabled examining the variation of the ab plane composition 
from the topmost surface to the bulk. This composition analysis was accomplished by applying 
the same HAADF-STEM methodology that was used previously for the bulk characterization of 
the M1 phase oriented down the [001] crystal axis. 
The second major objective of this study was to examine the location, concentration and 
catalytic role of Nb (and Ta) in propane ammoxidation to ACN. Although the presence of Nb is 
known to significantly improve the activity and selectivity of the M1 phase in propane 
(amm)oxidation [4, 13], its location in the M1 lattice could not be directly established by X-ray 
and neutron diffraction methods due to similar scattering properties of Nb and Mo centers. Instead, 
Pyrz et al. [10] investigated the Ta-substituted M1 phase by the HAADF-STEM and determined 
that Ta was located in so-called pentagonal bipyramidal site 9. It was further suggested that Nb 
being chemically similar to Ta is also located in site 9 by analogy. Based upon the structural model 
of the M1 phase, Grasselli et al. [14-17] proposed a hypothetical pathway of propane 
ammoxidation over the ab planes of the M1 phase. According to this pathway, Nb cations, located 
in site 9 and surrounded by five Mo cations, spatially isolate adjacent V-containing active sites 
from one another thereby improving the selectivity of propane ammoxidation to ACN (Figure 2.1). 
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However, the M1-Ta catalyst prepared by a rapid slurry evaporation method [10] also 
revealed some unusual microstructural features which were expected to be detrimental for the 
selectivity to acrylonitrile according to the site isolation model [18]. For example, the HAADF-
STEM images of this catalyst indicated much lower Ta occupancy in site 9 than that in the 
structural model based on a combination of synchrotron X-ray powder diffraction (S-XPD) and 
neutron powder diffraction (NPD) methods [19]. Moreover, the Ta segregation from the surface 
to the bulk was observed in a previous HAADF-STEM study of the M1-Ta catalyst [10]. However, 
the Ta, V, and Mo locations and partial site occupancies in hydrothermally synthesized M1 phases 
have not been yet investigated despite the fact that hydrothermal synthesis offers improved control 




Figure 2.1. The crystal structure of MoVTeTa(Nb)O M1 phases. Nb is shown in the same S9 site 
[23]. 
In this study, the synthesis of well-defined MoVTeTaO M1 phase catalysts was explored 
employing approaches aimed at enhancing the Ta occupancy of site 9 and minimizing its surface 
segregation. Well-defined MoVTeTaO M1 phase catalysts were prepared by conventional 
hydrothermal (HT) and microwave-assisted HT synthesis methods (MW) employing two different 
Ta precursors, Ta ethoxide and a custom-made Ta oxalate complex (denoted as “P” below). The 
HAADF-STEM images of these M1 phase catalysts were obtained at Oak Ridge National 
Laboratory (ORNL). The atomic column intensities of the HAADF-STEM images of M1-Ta 
catalysts oriented along the [hk0] and [001] directions were collected and analyzed to determine 
whether surface ab planes had similar chemical composition to that of bulk ab planes and to 
provide the atomic scale metal distributions in the ab planes of the M1 phase. The analysis of 
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HAADF-STEM images collected along the [001] direction provided the estimates of Mo, V, and 
Ta concentrations in the proposed catalytic centers of the MoVTeTaO M1 phases. The correlations 
between Mo, V, and Ta distributions in the proposed catalytic centers present in the ab planes and 
catalytic behavior of these model M1 phase catalysts are discussed below. 
2. 2. Experiment 
2.2.1 M1 phase catalyst preparation 
The M1 phase catalysts with synthesis molar ratios of Mo:V:Te:Ta=1:0.31:0.22:0.09, 0.12, 
and 0.15 were prepared by hydrothermal synthesis (HT) method as previously reported [23]. 
Ammonium paramolybdate (Alfa Aesar, 81-83% as MoO3, 5.35 g) and telluric acid (Fluka, 99%, 
1.16 g) were dissolved under stirring in 20 ml of distilled water for 30 min. A second solution was 
prepared by dissolving vanadyl (Ⅳ) sulfate (Alfa Aesar, 99.9%, 2.37 g) in 10 ml of distilled water 
and then a third solution was prepared by dissolving tantalum(V) ethoxide (99%, Alfa Aesar) or 
tantalum oxalate complex [24] in 10 ml of aqueous solution of oxalic acid. The Ta oxalate complex 
was used as an alternative Ta precursor in the synthesis of MoVTeTaO M1 phase catalysts, which 
is more hydrolytically stable than the conventional Ta ethoxide source [24]. The Ta oxalate 
complex was synthesized starting with Ta2O5 using the basic flux method. Ta2O5 was fused with 
KOH (Ta2O5:KOH = 1:10) in an alumina crucible at 723 K for 5 h. The solid product was dissolved 
in distilled water, and the resulting solution was filtered. Glacial acetic acid was added to the 
transparent solution until a pH value below 3. The white precipitate was filtered, washed 
thoroughly to remove the remaining acetic acid, and dissolved in oxalic acid solution (Ta:oxalic 
acid = 1:20) at 333 K. The Ta content in the Ta oxalate complex was determined by the ICP 
analysis and further checked by thermogravimetric analysis (TGA) in air. These characterization 
results were in good agreement with those reported in the literature [24]. The second solution for 
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the M1 phase synthesis containing vanadium was added to the first solution of molybdenum and 
tellurium sources, and the resulting solution was stirred for 5 min. The third solution containing a 
tantalum source was finally added and the resulting yellow-green slurry was stirred for 10 min. 
The slurry was transferred into the Teflon inner tube of a stainless steel autoclave. The autoclave 
was sealed and heated at 448 K for 48 h. After the hydrothermal reaction, the dark blue powder 
obtained was filtered, washed with distilled water (200 ml) and dried overnight at 353 K. The dry 
catalyst precursors from HT method were calcined under ultra-high purity nitrogen flow (50 
ml/min) at 873 K for 2 h prior to catalytic studies.  
In the case of the microwave-assisted synthesis (MW) method, the same slurry was 
prepared and transferred to a 100 ml capacity cylindrical Teflon vessel, sealed and then kept at 
448K for 2 h in a microwave-accelerated Mars 5 reaction system (CEM, USA) operated at 
maximum power (400 W) [25]. After the microwave treatment, the dark blue powder was filtered, 
washed with distilled water (200 ml), and dried overnight at 353K. The dry catalyst precursor was 
calcined under ultra-high purity nitrogen flow (50 ml/min) at 873 K for 2 h prior to catalytic studies. 
In order to obtain pure M1 phases, the M2 phase impurity initially present in all calcined 
as-synthesized catalysts was selectively removed by a hydrogen peroxide treatment. The 
dissolution of the M2 phase was carried out by stirring the calcined as-synthesized catalysts in an 
aqueous 30% hydrogen peroxide solution at room temperature for 3 h [26]. The resulting 
suspension was filtered, washed with distilled water (200 ml), and dried overnight at 353 K.  
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2.2.2 Powder XRD characterization 
After the calcination at 873 K for 2 h, the catalysts were thoroughly ground with a mortar 
and pestle for 5 min. Powder X-ray diffraction was recorded using a Siemens D500 diffractometer 
with Cu K radiation (tube voltage: 45 kV, tube current: 40 mA). 
 
2.2.3 Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) 
The SEM and EDS characterization was conducted in the Advanced Materials 
Characterization Center (AMCC) at the University of Cincinnati. SEM (FEI/Philips XL 30 FEG 
ESEM) was equipped with the energy dispersive X-ray analyzer from EDAX and had a resolution 
of 3.5 nm at 30 kV. 
 
2.2.4 Specimen preparation for STEM imaging 
The specimens employed in STEM studies were prepared as follows. The ground M1 
samples were embedded into a resin and sectioned by a microtome into ca. 50 nm slices [27] in 
order to study the [001] zone axis orientation of the M1 phase. These specimens were then 
deposited onto a lacey-carbon supported Cu grid.  
High-resolution STEM imaging was performed using an FEI-Titan 60/300 microscope 
equipped with a CEOS aberration corrector on the 300kV illumination system in the Advanced 
Microscopy Division of the Oak Ridge National Laboratory (ORNL). Z-contrast images in this 
work were acquired at 300 kV with a probe size of ~0.6 Å, a convergence angle of 30 mrad, and 
inner collection angle of 60 mrad. The acquisition time used to collect these images was 6 
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secs/1024*1024 pixels. All specimens were plasma-cleaned using Fischione plasma cleaner by 
electron beam irradiation to prevent specimen contamination during the STEM operation. 
2.2.5 Propane ammoxidation reaction 
The catalytic behavior of the MoVTeTa(Nb) M1 phase catalysts prepared by different 
synthesis methods was tested in propane ammoxidation using a fixed bed micro-reactor equipped 
with an on-line GC under steady-state conditions at atmospheric pressure and 653 – 733 K. The 
calcined catalysts were ground with a mortar and pestle for 5 min, diluted with quartz sand, loaded 
into the micro-reactor, and then heated to a desired temperature in flowing feed gas. The feed was 
composed of C3H8:NH3:O2:He in the molar ratio of 5.7:8.7:17.1:68.4 (the total flow rate of 26.3 
mL•min-1). The reactants and products were analyzed by an on-line GC system (Shimadzu 14 A) 
equipped with flame ionization and thermal conductivity detectors. The catalytic testing of the 
MoVTeTa(Nb) M1 phase catalysts was conducted for 48 ~ 72 h on stream for each catalyst during 
which these catalysts were structurally and thermally stable [28, 29]. The total carbon balances 
agreed within ±2%.  
2.2.6 STEM image analysis 
In HAADF-STEM image analysis, the center-of-mass fit determined the positions and 
intensities of atomic columns. In order to interpret the intensity quantitatively in terms of elemental 
occupancies, the following assumptions were made: (1) the thickness of each unit cell was constant; 
(2) the background intensity was constant throughout each unit cell; and (3) the atomic column 
intensity was proportional to the square of the atomic number following the Rutherford scattering 
relationship [30, 31]. Based on these assumptions, the intensities of atomic columns were 
computed using Digital Microscopy (DM) scripts. The obtained atomic column intensities were 
normalized to the average intensity of the 100% Mo sites S5, S6, S8, S10, and S11.  
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2.3. Results and Discussion 
2.3.1 Preparation of pure M1 phases  
Figure 2.1 of Supporting Information shows the XRD patterns of the calcined 
MoVTeTa(Nb)O M1 catalysts prepared by different synthesis methods after the H2O2 treatment, 
namely hydrothermal (HT) and microwave-assisted synthesis (MW) using two different Ta 
precursors, the Ta oxalate complex and Ta ethoxide. The M1-Ta HT synthesized using the Ta 
oxalate complex is labeled below as M1-Ta HT(P). The M1-Ta HT phases made using different 
Ta concentrations during synthesis are denoted as M1-Ta HT (0.09), M1-Ta (0.12), and M1-Ta 
(0.15), respectively, where the numbers in parentheses indicate the synthesis Ta/Mo ratios. All 
catalysts after the H2O2 treatment showed very similar diffraction patterns (Figure 2.1 of 
Supporting Information), i.e., peaks at 2Θ = 7.8, 8.9, 22.1, 27.2, and 45°, which are indicative of 
pure M1 phase (PDF 01-073-7574). These XRD patterns confirmed that the different synthesis 
methods employed in this study, i.e., HT, MW, and HT(P), result in well-defined MoVTeTa(Nb)O 
M1 phase catalysts besides the slurry evaporation (SE) method used previously [17]. It is 
noteworthy to mention that the M1-Ta HT(P), made using the Ta oxalate complex as an alternative 
Ta source, was synthesized for the first time in this study. The Ta oxalate complex was employed 
instead of Ta ethoxide, conventionally used in the synthesis of MoVTeTaO catalysts, because it 
was expected to result in enhanced Ta incorporation in site 9 due to its greater hydrolytic stability. 
The resulting M1-Ta HT(P) also contained pure M1 phase similar to HT and MW methods where 
the Ta ethoxide was employed as the Ta source. This result confirmed that the Ta oxalate complex 
is an alternative Ta source for the synthesis of MoVTeTaO M1 phase catalysts. Freshly calcined 
MoVTeTaO as-synthesized catalysts contained some M2 phase as impurity, which was removed 




amounts of the M2 phase, while the M1-Ta (0.12) consisted of almost pure M1 phase after the 
calcination (XRD patterns of catalysts before the H2O2 treatment are not shown). These results 
suggested that Ta concentration during synthesis is one of the important key parameters 
determining the final phase composition of the MoVTeTaO catalysts.  
2.3.2 SEM images and elemental composition of MoVTeTaO M1 phase catalysts 
The representative SEM images of the MoVTeTaO M1 phase catalysts are shown in Figure 
2.2 of Supporting Information. All SEM images showed typical rod-like particle morphology of 
M1 phases regardless of the synthesis methods employed. It is important to note that the 
morphology of the MoVTeTaO M1 phase catalysts in this study was different from those of the 
previously reported MoVTeTa(Nb)O catalysts prepared by the slurry evaporation (SE) synthesis 
method (Figure 2.2f of Supporting Information) [17, 19]. This result is not surprising because the 
SE method is known to result in rather poor control over nucleation and growth of the desired M1 
phase, and often lead to the formation of M2 and other impurity phases [25]. As shown above, the 
SEM images of hydrothermal MoVTeTaO M1 phases, i.e., HT (0.09, 0.12, 0.15), MW, and HT(P), 
showed a much better defined crystal morphology and typical rod-like crystal habit of the M1 
phase (Figure 2.2 of Supporting Information). These observations indicated that the synthesis 
method has a profound impact on the crystal morphology of the MoVTeTaO M1 phase catalysts. 
Moreover, these results suggested that HT and MW synthesis methods that yield well-defined M1 
phases are better suited for establishing accurate relationships between the metal distributions in 
the ab planes of the M1 phase and its catalytic performance in propane ammoxidation. 
2.3.3 Bulk characteristics of MoVTeTaO M1 phase catalysts 
All MoVTeTaO M1 catalysts were characterized by SEM/EDS with respect to their bulk 
chemical compositions and BET surface areas (Table 2.1). The bulk elemental composition of all 
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MoVTeTaO M1 catalysts differed slightly depending on the synthesis methods. It is generally 
observed that the bulk Ta/Mo molar ratio of all catalysts determined by SEM/EDS is much higher 
than that in the synthesis gel. The results of previous studies [10, 19, 23] indicated that Ta is 
exclusively located in site 9 (S9). If we assume that Ta fully occupies S9 and is not present 
anywhere else in the M1 lattice, while the remaining sites are occupied by 70% Mo and 30% V, 
then the Ta/Mo ratio would be ca. 0.14. Since the observed Ta/Mo ratios (Table 2.1) are markedly 
higher than 0.14, the higher molar ratio of Ta/Mo suggested that the excess Ta is likely present 
outside the M1 lattice. This observation is supported by the results of DeSanto et al. [19], who 
detected a Ta2O5 impurity in the M1-Ta sample prepared by SE method through a combined 
synchrotron (S-XPD) and neutron power diffraction (NPD) study of this phase.  Moreover, this 
observation also suggested that not all Mo was incorporated into the M1 phase during the synthesis.  
Table 2.1. Bulk characteristics of MoVTeTaO catalysts prepared by different synthesis 
methods. 
Catalysts 






M1-MoVTeTa HT (0.09) 1.00/0.31/0.22/0.09 1/0.28/0.08/0.28 22.4 37.2 
M1-MoVTeTa HT (0.12) 1.00/0.31/0.22/0.12 1/0.32/0.17/0.33 4.3 14.1 
M1-MoVTeTa HT (0.15) 1.00/0.31/0.22/0.15 1/0.30/0.10/0.34 4.9 12.3 
M1-MoVTeTa MW 1.00/0.31/0.22/0.12 1/0.27/0.17/0.21 3.1 17.7 
M1-MoVTeTa HT(P) 1.00/0.31/0.22/0.12 1/0.22/0.10/0.20 2.1 17.5 
a Synthesis composition of the slurry; b Determined by EDS; c Determined by the BET method; 
MW (Microwave-assisted hydrothermal synthesis); HT (Hydrothermal synthesis); P (made using Ta oxalate as Ta 
precursor) 
 
It is well known that the H2O2 treatment selectively removes the M2 phase, which contains 
more Te and less Nb (or Ta) as compared to the M1 phase [17]. The H2O2 treatment effect is 
confirmed by the decrease of the Te concentration and increase of the Nb (or Ta) concentration 
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after the H2O2 treatment (Table 2.1). Although the M1-Ta HT (0.15) made at the highest synthesis 
Ta concentration also had the highest Ta concentration in the bulk among all M1-Ta catalysts, 
there appears to be no strong correlation between the Ta concentration in synthesis and bulk 
determined by SEM/EDS shown in Table 2.1. It is observed that M1-Ta HT (0.09) has a much 
higher BET surface area as compared to other MoVTeTaO M1 phase catalysts. 
2.3.4 HAADF-STEM imaging of MoVTeTaO M1 phase catalysts 
2.3.4.1 Ta location in ab planes of MoVTeTaO M1 phase catalysts 
The results of HAADF-STEM imaging of the slurry evaporation MoVTeTa(Nb)O M1 
phase catalysts reported by Pyrz et al. [8-10] were in good agreement with the full structural model 
of the M1 phase based on the S-XPD and NPD refinement [19, 32]. Therefore, we further applied 
the HAADF-STEM imaging to studies of the M1-Ta catalysts given the atomic-scale imaging 
capability and elemental composition information offered by this method. However, we further 
improved our methodology to address the limitations of previous HAADF-STEM studies [8-10]. 
Firstly, the Ta segregation observed in the previous study [10] was addressed by employing 
catalysts made by the HT and MW methods, which allow better control over the formation of 
desired M1 phase than the SE method used previously. Secondly, we employed specimens of 
constant thickness (~ 50 nm) for HAADF-STEM imaging made by sectioning the embedded 
samples to eliminate the impact of thickness variation on the atomic column intensities.  
Representative HAADF-STEM images of M1-Ta HT(0.12) which were recently reported 
by our group [23] were shown in Figure 2.3 of Supporting Information. The HAADF-STEM 
images of the M1-Ta HT(0.12) showed that the pentagonal sites (S9), located at the center of 
circles visible in Figure 2.3a of Supporting Information, were much brighter than other metal sites. 
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The significant brightness contrast between S9 and all other metal lattice sites, including those 
occupied by Mo, clearly indicated the location of heavy Ta atoms in S9. There were no appreciable 
contrast differences between S9 column located in the middle of the M1 crystal (Figure 2.3b of 
Supporting Information) and its surface region (Figure 2.3c of Supporting Information). These 
findings confirmed that Ta is uniformly distributed throughout the M1-Ta HT(0.12) catalyst. 
Uniform Ta distribution in M1-Ta HT(0.12) catalyst suggested that the Ta segregation observed 
in the previous M1-Ta SE is likely due to mass-transfer limitations during rapid SE synthesis 
method [19].  
Density functional theory (DFT) was further employed to probe the energies of Ta and Nb 
cations located in several crystallographic sites of the M1 phase [23]. These spin-polarized 
periodic DFT calculations were performed in the generalized gradient approximation (GGA-PBE) 
[33] using the Vienna Ab initio Simulation Package (VASP) [34-37]. Three truncated ab planes 
of the M1 phase structure were employed as cluster models for the DFT calculation. The Ta located 
at site 9 was interchanged one by one with other metal sites present in the M1 phase and the 
energies of cluster models resulting from the Ta interchange were calculated from DFT by 
applying statistical thermodynamics considering both the internal energy and entropy 
contributions to the free energy of the Ta distribution for the ab planes. The same computational 
approaches were applied to Nb in the cluster models of M1 phase catalyst. The predicted 
probabilities of finding Ta and Nb in S9, 10, and 11 determined by DFT calculations combined 
with methods of statistical thermodynamics are shown in Figure 2.3 of Supporting Information. 
The probability of finding Ta and Nb in S9 is predicted to be nearly 100% confirming that Ta (and 
Nb) is predominantly located in S9 in good agreement with the results of HAADF-STEM image 
analysis of the MoVTeTaO M1 phase catalysts in the previous study [23] and present study. 
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A comparison of relative intensities of metal lattice sites for the MoVTeTa(Nb)O M1 
catalysts prepared by different synthesis methods is shown in Figure 2.4 of Supporting Information. 
The relative intensity for M1-Nb HT is also shown for comparison between the M1-Nb and M1-
Ta systems. The normalization was done in reference to the average intensities of S5, S6, S8, S10, 
and S11 which were assumed to be 100% Mo (Z=42). This assumption was based on the results 
of earlier X-ray, neutron diffraction, and HAADF-STEM studies [10, 32, 38], which reported S5, 
S6, S8, S10, and S11 to be 100% Mo sites. S5, S6, S8, S10, and S11 indeed showed constant 
intensities throughout all unit cells examined in this study. The higher intensities (greater than 1) 
of S9 atomic columns relative to 100% Mo sites suggested the presence of a heavier atom, i.e., Ta 
(Z=73), while the relative intensities less than 1 for S1, S2, S3, S4 and S7 indicated the presence 
of a lighter metal atom, i.e., V (Z=23), in agreement with results of the previous synchrotron X-
ray diffraction and HAADF-STEM studies [10, 19]. Therefore, the analysis of normalized 
intensities of atomic columns in the HAADF STEM images of M1-Ta catalysts employed in this 
study strongly indicated that Ta is predominantly located in site 9. It is noteworthy to observe 
significant variation of relative intensity of Ta in S9 as well as V in S1, S2, S3, S4, and S7 among 
M1-Ta catalysts shown in Figure 2.4 of Supporting Information. These findings suggested that 
different synthesis approaches have a marked impact on the Ta and V occupancies in the ab planes 
of M1 phase, which is discussed in greater detail below.    
2.3.4.2 Intensity line profile of HAADF-STEM images of M1-Ta HT (0.12) oriented down [hk0]  
A line profile collects scattering intensity along a line in an image and displays the intensity 
data in a line spot using Gatan Microscopy (GM) software. The line profile analysis of HAADF-
STEM images has been previously employed as an important method for determining superficial 
and interfacial structures in various materials. For example, Liu et al. [39] employed the line profile 
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STEM analysis to study the surface channeling phenomenon in a ZnO nanostructure, where the 
ZnO surface had an abnormally enhanced intensity despite the presence of structurally perfect 
surface because the diffracted electron beam was trapped inside the ZnO crystal. They observed 
the surface channeling effect from the line profile across the surface and interfaces of the HAADF-
STEM image where the enhanced intensity of a row of atoms was collected from the near-surface 
region of the ZnO structure.  
The line profile analysis of HAADF-STEM images was also employed to examine the 
PbTiO3 film growth on a SrTiO3 single crystal [40]. Significant line profile intensity differences 
between PbTiO3 and SrTiO3 in HAADF-STEM images of epitaxial PbTiO3 perovskite grown on 
a SrTiO3 single crystal enabled distinguishing the formation of a nanoscale PbTiO3 film on a 
SrTiO3 crystal. In order to study the effect of surface strain relaxation on HAADF images, three 
quantum wells (QW) of InxGa1-xAs with increasing In content grown by molecular beam epitaxy 
along the GaAs [001] direction were prepared. Due to the difference of In and Ga atomic numbers, 
three InGaAs QWs were distinguished by intensity contrasts due to the In concentration variation 
observed in the line profile of HAADF images [41]. In another study, the projection along the [001] 
crystal direction of AlAs/GaAs system grown on the top of a GaAs substrate was analyzed in high-
resolution HAADF images obtained from super STEM [42]. The HAADF intensity profiles of 
three GaAs dumbbells were used to estimate the average Al and Ga content due to the Z-contrast 
nature of HAADF images, i.e., Al (Z = 13) and Ga (Z = 31). The line profile of HAADF-STEM 
images was also used to determine atomic scale structures of Pt monolayer electro-catalysts in 
combination with other characterization techniques, such as energy-dispersive X-ray spectrometry 
(EDS), electron energy-loss spectroscopy (EELS), and in situ extended X-ray absorption fine 
structure (EXAFS) [43].  
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Accordingly, we further employed the line profile HAADF-STEM analysis in this study as 
a tool to probe the surface and bulk of MoVTeTaO M1 phase catalysts given its demonstrated 
capabilities for the analysis of surfaces and interfaces of various solid-state materials with atomic-
scale elemental resolution. The distinct advantage of the line profile HAADF-STEM analysis as 
applied to the M1 phase is rooted in its layered nature built by the stacking of ab planes along the 
c direction (Figure 2.5 of Supporting Information). Therefore, it was possible to probe the intensity 
profiles of the ab planes layer by layer from the topmost surface to bulk along the [hk0] directions 
due to the nature of layered structure of the M1 phase.   
The HAADF-STEM images of the M1-Ta HT(0.12) particle oriented along the [hk0] 
direction and corresponding intensities from the line profile of 10 ab planes from the topmost 
surface towards the bulk are displayed in Figure 2.2. Figure 2.2a shows the typical rod-like M1-
Ta HT particle viewed down the <hk0> direction. The line profile intensities of 10 ab planes 
(corresponding to a span of ca. 4 nm) were recorded along [hk0] (Figure 2.2c). All line intensity 
profiles were integrated over a width of 0.05 nm. The following two assumptions were made 
during this HAADF-STEM profile analysis: 
(1) The absence of thickness variation from the collected area 
(2) The validity of the Rutherford scattering relationship for observed intensities [30, 31]. 
It was not possible to determine the specific h and k values for the [hk0] orientations in this 
STEM study because of the structural complexity of the M1 phase. Therefore, detailed chemical 
analysis of each atomic column and ab layer was not possible because the nature of metal cations 
in each atomic column could not be established due to the lack of knowledge of specific h and k 
values. Nevertheless, the absolute intensities of the structurally related atomic columns in different 
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ab planes could be examined from the topmost surface to the bulk in a line profile scan. Therefore, 
the intensities of atomic columns in three topmost layers, corresponding to the surface region, were 
compared to those of seven other layers, considered representative of the bulk. According to Figure 
2.2c, the line profile intensity (obtained by subtracting background intensity from absolute 
intensity) of each ab plane appears to be fairly constant throughout the examined 10 layers. 
Therefore, these observations provide evidence that the chemical composition of the surface region, 
represented by the topmost 3 layers, and the bulk, represented by other 7 layers, are similar. 
Slightly lower line profile intensity was observed near the surface (Figure 2.2c), which may be 
explained by the slight thickness variation in the [hk0] direction due to the presence of steps on 
the topmost surface. This explanation is supported by the results of a recent HAADF-STEM study 
by Blom et al. [12] where they also found some thickness variation near the surface due to so-
called “terracing” of the surface ab planes. The line profile intensity of the bulk M1 phase 
represented by the other 7 layers in Figure 2.2 clearly indicated that there was no significant 
intensity variation with depth. Therefore, these results indicated that the chemical composition of 
the surface and bulk ab planes is similar. In addition, there was no evidence related with disorder 
associated with the difference in the top surface as compared to the bulk from the HAADF-STEM 
simulation study of MoVTeNbO [11]. These highly important results suggested the possibility that 
the HAADF-STEM images of ab planes oriented along the [001] direction can provide the metal 
site occupancies in the surface ab planes due to the similarities of the surface and bulk 




Figure 2.2. HAADF-STEM images of MoVTeTaO HT(0.12) M1 phase viewed along the [hk0] 
direction: a) low magnification image; b) magnified region, and c) intensity profile of top 10 layers 
along the c axis. 
2.3.4.3 Dependence of Mo/V distribution on M1 phase synthesis methodology 
 The Mo, V, and Ta occupancies in 11 crystallographic sites of the MoVTeTaO M1 phase 
catalysts prepared by different synthesis methods, i.e., HT, MW, and HT(P), were determined by 
the systematic analysis of atomic column intensities in the HAADF-STEM images viewed along 
the [001] direction (Table 2.1 of Supporting Information). The metal occupancies reported in Table 
2.1 of Supporting Information were calculated based on the two assumptions stated in section 2.2.6. 
Three different M1 phase particles for each catalyst were chosen for analysis and two images for 
each particle were examined to determine the metal column intensities. The atomic column 
intensities in four unit cells in each image were thoroughly analyzed. The collected data for each 
catalyst were statistically analyzed and the atomic column intensities for each crystallographic site 
in all catalysts varied less than 10 % for the same site in different unit cells in the same M1 particle 
and different M1 phase particles. This finding indicates that the metal occupancies obtained in 
present study are representative for the entire catalysts as a bulk material. The chemical 
composition of the M1-Ta prepared by SE reported in a previous study is also shown for 
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comparison [19]. In a previous S-XPD study [19], sites 5, 6, 8, 10, 11 of the MoVTeTaO M1 
catalyst prepared by SE were reported to have full Mo occupancy. The Mo occupancy of sites 5, 
6, 8, 10, 11 in all MoVTeTaO M1 catalyst prepared by different synthesis methods (Table 2.1 of 
Supporting Information) is close to 100% which agrees well with results of the previous study [19]. 
However, significant variation of Mo and V occupancies in the linking sites 1, 2, 3, 4, and 7 was 
observed along with the Ta occupancy variation in site 9 for the M1-Ta catalysts made by different 
synthesis methods. It should be noted that sites 1 and 4 were found to be mixed Mo/V sites in M1-
Ta catalysts of this study, while they were fully occupied by Mo in the M1-Ta SE employed in the 
previous study [19]. This observation is very important because site 4 is an integral part of the 
hypothetical catalytic center (S2-S4-S4-S7-S7) for propane ammoxidation proposed by Grasselli 
et al. [14-17]. The impact of the V partial occupancy in site 4 on the catalytic performance in 
propane ammoxidation is discussed in the next section. Lastly, the variation of metal occupancies 
observed in M1-Ta catalysts suggested that the partial occupancies of constituent metal species are 
strongly influenced by the choice of synthesis methods.       
 As mentioned above, Ta oxalate was employed as an alternative Ta source because of its 
greater solubility and hydrolytic stability as compared to Ta ethoxide. Therefore, the use of Ta 
oxalate was expected to enhance the incorporation of Ta in the M1 lattice as compared to Ta 
ethoxide. However, the M1-Ta HT(P) made with Ta oxalate resulted in the lowest Ta occupancy 
at S9 of the M1 phase (Table 2.1 of Supporting Information). This low Ta occupancy of S9 in M1-
Ta HT(P) may be explained by the high stability of Ta oxalate complexes under conditions of M1-
Ta HT(P) synthesis. This hypothesis is supported by the study of Babko et al. [44] where oxalate 
dissociation from a number of Ta hydroxyoxalate complexes observed in a solution. They reported 
these dissociation constants to be in the range of ~ 8.0×10-12 to 3.0×10-19. Therefore, the Ta oxalate 
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precursor employed in the M1-Ta HT(P) synthesis is expected to provide fewer free hydroxylated 
Ta species as compared to Ta ethoxide that are incorporated into the M1 phase lattice during 
synthesis. 
2.3.4.4   Correlations between Mo/V distributions and Ta content in synthesis 
The Mo, V, and Ta sites occupancies of the MoVTeTaO M1 phase catalysts prepared by 
the HT method using different synthesis Ta concentrations were determined by the systematic 
analysis of atomic column intensities from the HAADF-STEM images (Table 2.2 of Supporting 
Information).  
This analysis revealed that sites 5, 6, 8, 10, and 11 are occupied almost entirely by Mo in 
M1-Ta HT (0.09), (0.12), and (0.15). This result is consistent with previous findings based on S-
XPD [19] and the HAADF-STEM image analysis done by Pyrz et al. [10] as well as our results 
for the MoVTeTaO M1 phase catalysts prepared by different synthesis methods presented above 
(Table 2.1 of Supporting Information). Significant variation in Mo and V content was observed 
for sites 1, 2, 3, 4, and 7 similar to that observed for the MoVTeTaO M1 phase catalysts prepared 
by different synthesis methods (Table 2.2 of Supporting Information). In this study, we aimed to 
enhance Ta occupancy at S9 by increasing the Ta concentration in the synthesis gel. However, it 
was found that the Ta occupancy in S9 did not correlate with synthesis Ta concentrations. For 
example, M1-Ta (0.15) was expected to have the highest Ta occupancy in S9 among M1-Ta HT 
(0.09), (0.12), and (0.15), but the Ta S9 occupancy in M1-Ta (0.15) was slightly higher than that 
in M1-Ta (0.09), but lower than that in M1-Ta (0.12). These results suggested the importance of 
kinetic factors during the synthesis of M1-Ta catalysts that are insufficiently understood at present. 
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The Mo/V and Mo/Ta ratios of M1-Ta HT (0.09), (0.12), and (0.15) phases determined by 
different characterization techniques are listed in Table 2.3 of Supporting Information. The Mo/V 
ratios characterized by SEM/EDS, which is another bulk analysis technique, were in a good 
agreement with the synthesis Mo/V ratios. However, the Mo/V ratios determined by the HAADF-
STEM images were somewhat different from those in the synthesis gels. Furthermore, the Mo/Ta 
ratios determined by the HAADF-STEM images were significantly higher than both the synthesis 
and SEM/EDS ratios. These observations suggested the possibility of Ta presence outside the M1 
phase lattice or a systematic HAADF-STEM image analysis error based on the assumption that 
intensity is proportional to Z2: Ta (Z=73) has much greater impact than Mo (Z=42) or V (Z=23) 
on the intensities. 
The SEM/EDS technique provided the overall elemental composition of MoVTeTaO M1 
catalysts, which might be complicated by the presence of some Ta impurity phase, e.g., Ta2O5, 
reported earlier [19]. However, the HAADF-STEM imaging directly probed the elemental 
composition of the MoVTeTaO M1 without interference of any impurity. Much lower Mo/Ta 
ratios from SEM/EDS ratios than that from the synthesis indicated that a significant fraction of 
Mo was not incorporated into M1 phase leading to a lower yield of M1 phase, e.g., ~ 20 - 30 at. % 
based on total Mo used in synthesis of all MoVTeTaO catalysts. Moreover, the results of the 
HAADF-STEM imaging indicated that Ta initially present in the synthesis gel is incorporated into 
the M1 lattice only partially and that site 9, in addition to Ta, has a significant Mo occupancy. 
Lastly, the metal site occupancies determined from the HAADF-STEM imaging were 
subsequently employed to build detailed surface molecular structure - catalytic reactivity 
relationships for propane ammoxidation to acrylonitrile over M1 phase catalysts. These 
fundamental structure-catalytic reactivity relationships are discussed in greater detail below.  
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2.3.5 Propane ammoxidation over MoVTeTaO M1 phase catalysts  
2.3.5.1 Catalytic performance of MoVTeTaO M1 phase 
M1-Ta HT(0.09), HT(0.12), HT(0.15), MW, and HT(P) were tested in propane 
ammoxidation reaction. The reaction data for propane ammoxidation for all catalysts was 
presented in Table 2.2. As reported earlier, propylene is the major product at low propane 
conversion, suggesting that propylene is the primary intermediate during propane ammoxidation, 
which is converted further to ACN, and then to unselective products, i.e., acetonitrile and COx, as 
propane conversion increases [4]. The propylene selectivity behavior found in this study is also in 
agreement with previous observations [4] where propylene selectivity was found to be high at low 
propane conversion and low at higher conversion regardless of the Mo/V distribution in M1 
catalysts. The observed maximum selectivity to ACN under optimal reaction conditions decreased 
in the following order: M1-Ta HT(0.12) > M1-Ta HT(0.09) ≥ M1-Ta HT(0.15) ≥ M1-Ta MW ≥ 
M1-Ta HT(P). The catalytic behavior reported in Table 2.2 is further discussed below on the basis 
of metal occupancies in ab planes of M1 phase catalysts.  
Table 2.2. Reaction data for propane ammoxidation over M1-Ta HT(0.09), M1-Ta HT(0.12), 




















M1-Ta HT(0.09) 693 28 10.5 65.3 37.2 4.62E-08 1.7 1.00E-06 
M1-Ta HT(0.12) 693 14.7 18.4 76.9 14.1 5.87E-08 2.7 3.10E-07 
M1-Ta HT(0.15) 693 10.6 27 70.5 12.3 4.74E-08 3.8 1.53E-07 
M1-Ta MW 693 8.7 32.1 65.4 17.7 2.67E-08 2.6 1.81E-07 
M1-Ta HT(P) 693 6.2 42.8 54.9 17.5 1.90E-08 3.3 9.95E-08 
Reaction conditions: 0.2 g catalyst; C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; the total flow rate of 26.3 mL•min-1 
aT is the reaction temperature; bk”BET is the reaction rate constant based on the BET surface area; cab plane surface 




2.3.5.2 Relationships between metal site occupancies in MoVTeTaO M1 phase catalysts and 
their catalytic performance  
2.3.5.2.1 Relationships between Ta occupancy and Mo/V distribution in M1 phase and its 
catalytic behavior 
The relationships between the Ta occupancy in site 9 of the M1 phase and the selectivity 
toward ACN were investigated on the basis of the site isolation model, defined as “the spatial 
separation of active sites from each other on the surface of a heterogeneous catalyst” by Grasselli 
et al. [18]. According to this site isolation model, the presence of redox-inactive Ta as opposed to 
possibly redox-active, but unselective Mo at site 9 (S9) was proposed to play the role of isolating 
each hypothetical catalytic center comprised of one S2, two S4, two S7, and two S12 thereby 
improving the selectivity to ACN during propane ammoxidation.  
The maximum selectivity to ACN observed during the propane ammoxidation reaction 
under a limited set of experimental conditions was plotted against the Ta occupancy in S9 of 
MoVTeTaO M1 phase catalysts (Figure 2.6 of Supporting Information). The M1-Ta HT(0.12) 
showed the highest observed selectivity to ACN (~77 mol. %) among all MoVTeTaO M1 phase 
catalysts (Table 2.2). The highest selectivity to ACN of M1-Ta HT(0.12) is likely related to the 
highest Ta occupancy in S9 (~ 39 %) of this catalyst among all MoVTeTaO M1 phases investigated 
in this study, which seems consistent with the site isolation model [18]. However, there was no 
strong correlation between the Ta occupancy in S9 and the maximum selectivity toward ACN for 
all MoVTeTaO M1 phase catalysts investigated in this study. There is a possibility that we could 
not find the correlation between the Ta occupancy in S9 and the observed maximum selectivity 
toward ACN of all MoVTeTaO M1 phase catalysts due to the lack of experimentally observed 
maximum selectivity to ACN during the given reaction tests. Another possible explanation is that 
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there might be no relationship between the Ta occupancy in S9 and the experimentally observed 
maximum selectivity to ACN of all MoVTeTaO M1 phase catalysts in propane ammoxidation. 
This view may be supported by the recent study of Grasselli et al. [14], where Mo0.6V0.16-
0.213Nb0.055-0.10Te0.10-0.18OX catalysts having different Nb/Te ratio showed the similar observed 
maximum selectivity to ACN for the propane ammoxidation reaction (Figure 2.7 of Supporting 
Information). Further studies were conducted in order to establish the relationships between the 
Ta occupancy and observed maximum selectivity toward ACN for propane ammoxidation over all 
MoVTeTaO M1 phase catalysts.    
The Mo/V distribution at the proposed catalytic centers has been proposed to be one of the 
most important parameters governing the reactivity of the M1 phase in propane ammoxidation 
reaction [10, 14, 16, 45-47]. First, we investigated the relationships between the Ta occupancy and 
Mo/V distribution in ab planes of M1 phase before further studying the relationships between the 
Mo/V distribution in ab planes of the M1 phase and its selectivity toward ACN in propane 
ammoxidation. The Mo/V ratio in M1 phase vs. Ta occupancy in S9 of all MoVTeTaO M1 phase 
catalysts is shown in Figure 2.8 of Supporting Information. We observed the general trend of 
increasing Ta occupancy in S9 along with increasing Mo/V ratios of M1 phase in Figure 2.8 of 
Supporting Information. These findings indicated that the V content of M1 phase decreased as the 
Ta occupancy in S9 increased. The possible scenario is explained as follows. It was found that S9 
is fully occupied by Mo in the case of Nb-free MoVTeO M1 phase in a previous study [10]. Ta 
was proposed to be exclusively located in S9 in the case of the MoVTeTaO M1 phase catalysts as 
demonstrated in section 2.3.4.1. Therefore, Ta employed during M1-Ta synthesis is expected to 
compete with Mo for S9, which forces Mo to other lattice sites, such as S1, 2, 3, 4, and 7, where it 
competes with V. As expected from such a scenario, increased Ta occupancy in S9 resulted in a 
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decrease of V content of the M1 lattice manifested in higher Mo/V ratios (Figure 2.8 of Supporting 
Information).  
Moreover, we further studied the correlation of Ta occupancy in site 9 with V content in 
the proposed catalytic center on the basis of the probability model [14-17]. Therefore, the Mo/V 
ratios in the proposed catalytic center (S2-S4-S4-S7-S7) of the M1 phase were plotted against the 
Ta occupancy in S9 for all MoVTeTaO M1 phase catalysts in Figure 2.9 of Supporting Information. 
No strong correlation between Ta occupancy in S9 and the V contents in the catalytic center of 
M1 phase was observed in Figure 2.9 of Supporting Information. This result suggested that 
displaced Mo from S9 according to the scenario above compete with V located in the catalytic 
center, but does so without any preference for specific lattice sites in the catalytic center (S2-S4-
S4-S7-S7). This view is supported by the findings of Fu et al. [48] who simulated local 
configurations of the MoVTeNbO M1 phase catalysts by a DFT-based method and evaluated the 
optimal Mo/V distribution in linking sites (S1, S2, S3, S4, and S7) on the basis of Boltzmann 
weighting factors. They proposed the following ranking of V occupancies: S2>S3>S7>S4≈S1 [48]. 
In summary, these findings suggested that Mo cations were displaced from S9 with increasing Ta 
content in the synthesis medium and competed with V cations for S1, S2, S3, S4, and S7. Next we 
examined the correlations between the ACN selectivity and Mo/V ratios on the basis of the 
probability model. 
2.3.5.2.2 Probability models of propane ammoxidation  
The catalytic performance of MoVTeTaO M1 phase catalysts examined in this study was 
discussed above in section 2.3.5.1 (Table 2.2). In this section, we explore the correlations between 
the metal site occupancies in M1-Ta HT(0.09), M1-Ta HT(0.12), M1-Ta HT(0.15), M1-Ta MW, 
and M1-Ta HT(P) and their catalytic performance in propane ammoxidation. As mentioned earlier, 
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it has been suggested that the ab planes of M1 phase contain the active and selective sites for 
propane ammoxidation [16, 22, 49, 50]. Our recent study of a MoVTeNbO M1 phase catalyst that 
selectively exposed ab planes also provided the evidence that the ab planes of M1 phase might be 
responsible for high activity and selectivity in propane ammoxidation [51].  
Furthermore, Grasselli et al. [14-17] proposed the catalytic center consisting of one 
(V4+/Mo5+), two (Mo6+/Mo5+), two (V5+/Mo6+), and two (Te4+) sites, respectively site 2, 4, 7, and 
11, in the bulk ab planes of the M1 phase. Based on the catalytic center present in ab planes of M1 
phase, it has been proposed that distribution probabilities of various metals in the catalytic center 
related with the catalytic performance of M1 phase in propane ammoxidation to acrylonitrile [14-
17]. They proposed that one V5+ cation present in the proposed catalytic center activates propane 
selectively; two V5+ cations lead to waste products; the absence of V5+ cations in the proposed 
catalytic center corresponds to the lack of catalytic activity. Based on these assumptions, they 
estimated that the MoVTeNbO M1 phase catalyst contained 44% of active and selective sites for 
propane ammoxidation, 46% of inactive sites, and 10% of waste-forming sites. Using these 
estimates, they predicted the maximum acrylonitrile selectivity to be 81 mol. % (i.e., 44/(44+10) 
× 100%), which is somewhat higher than the maximum selectivity to ACN observed under a 
limited range of experimental conditions (72 mol. %) [16]. The approach used for predicting 
catalytic property in earlier studies [14-17] is denoted as the ORIG-1 model.   
Grasselli et al. [46] revisited their ORIG-1 model and further developed it by extending the 
statistical analysis of metal distribution in the catalytic center (7 elements) to that in the expanded 
catalytic center (15 elements). In this model (ORIG-2), they revised the assumptions as follows: 
1) acrylonitrile forming sites must contain a V5+ for propane activation, which is located adjacent 
to a pair of vicinal Mo6+ sites; 2) propylene forming sites need the V5+ situated adjacent to a Te4+ 
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site; 3) waste forming sites consist of two V5+ sites; 4) inactive sites have no V5+ in the expanded 
catalytic center.  
In a subsequent study, Grasselli et al. [47] recalculated the probabilities of the metal 
element distributions in the proposed original and expanded catalytic centers using the recently 
revised occupancies and oxidation states of 12 cation sites in the M1 phase [52]. These new 
probability models were denoted as REV-1 and REV-2. They found that the expected maximum 
total (anticipated ACN plus propylene yield assuming all propylene is consecutively converted to 
ACN) in the case of the REV-2 model was 59 % which was close to the optimal ACN yield (62 
mol. %) observed for the M1/M2 phase mixtures by Grasselli et al. [14]. The REV-2 model was 
considered to be improved as compared to the earlier ORIG-1 and ORIG-2 models [47]. However, 
we did not examine the REV-2 model in the present study due to the lack of knowledge of metal 
oxidation states in our MoVTeTaO M1 phase catalysts. 
As mentioned in the introduction, Pyrz et al. [10] determined the chemical composition of 
the ab planes of the MoVTeTa(Nb)O M1 phase catalysts by the HAADF-STEM images analysis, 
and attempted to understand the relationships between the metal site distributions in 
MoVTeTa(Nb)O M1 phase catalysts and their catalytic behavior in propane ammoxidation. The 
metal site occupancies of the M1-Mo, M1-Nb, and M1-Ta variants and the probabilities of finding 
0-5 V cations in the proposed catalytic center (S2-S4-S4-S7-S7) were presented in Table 2.4 and 
2.5 of Supporting Information, respectively. They estimated that ~86 % of the MoVTeNbO, ~97 % 
of the MoVTeTaO, and 64 % of the MoVTeO M1 phases would have S2-S4-S4-S7-S7 centers 
containing less than 3 V cations (Table 2.5 of Supporting Information). They further stated that 
the increasing V concentration in the catalytic center (S2-S4-S4-S7-S7) corresponded with the 
decreasing selectivity to ACN when the MoVTeO M1 catalyst was compared to the MoVTeNbO 
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and MoVTeTaO M1 catalysts. However, no clear correlation between the probability of finding 
less than 3 V cations in the catalytic center (Table 2.5 of Supporting Information) and the ACN 
yield over the MoVTe, MoVTeNbO, and MoVTeTaO catalysts was suggested by the ACN yield 
data shown in Table 1 [10], also reproduced in this study as Table 1.7. It should be noted that the 
probability of finding vanadium in the proposed catalytic center (S2-S4-S4-S7-S7) calculated in 
[10] did not consider vanadium oxidation state, whereas the ORIG-1 model described by Grasselli 
et al. [14-17] accounted for the oxidation states of vanadium by explicitly calculating the 
probability of V5+ in the proposed catalytic center (S2-S4-S4-S7-S7).  
Since the HAADF-STEM image analysis does not provide information about metal 
oxidation states, we employed the approach described by Pyrz et al. [10] in order to predict the 
catalytic performance of the MoVTeTaO M1 phase catalysts in propane ammoxidation. The Mo 
and V occupancies and the probabilities of finding 0-5 V cations in the catalytic center (S2-S4-S4-
S7-S7) for all MoVTeTaO M1 phase catalysts are shown in Tables 2.6 and 2.7 of Supporting 
Information, respectively.    
The probability, P, was calculated as shown below: 
Probability of zero V cation in the catalytic center: 
P(V=0)=Mo2 × Mo4 × Mo4 × Mo7 × Mo7, where Mo2, Mo4, and Mo7 are the partial occupancies 
in S2, 4, and 7 respectively (Table 2.6 of Supporting Information). 
Probability of a single V cation in the catalytic center: 
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P(V=1) = (V7 × Mo7 × Mo4 × Mo4 × Mo2) × 2 + (V4 × Mo4 × Mo7 × Mo7 × Mo2) ×2 + (V2 × 
Mo4 × Mo4 × Mo7 × Mo7), where V2, V4, and V7 are the partial occupancies in S2, 4, and 7, 
respectively (Table 2.6 of Supporting Information). 
Probability of two V cations in the catalytic center: 
P(V=2) = (V7 × V7 × Mo4 × Mo4 × Mo2) + (V4 × V4 × Mo7 × Mo7 × Mo2) + (V4 × V4 × Mo4 
× Mo7 × M2) × 4 + (V2 × V4 × Mo4 × Mo7 × Mo7) × 2 + (V7 × Mo2 × Mo7 × Mo4 × Mo4) × 2. 
Probability of three V cations in the catalytic center: 
P(V=3) = (V2 ×V4 ×V4 ×Mo7 ×Mo7) + (V2 ×Mo4 ×Mo4 ×V7 ×V7) + (V2 ×Mo4 ×V4 ×V7 
×Mo7) ×4 + (Mo2 × V4 × V4 × V7 × Mo7) × 2 + (Mo2 × Mo4 × V4 × V7 × V7) × 2 
Probability of four V cations in the catalytic center: 
P(V=4) = (V2 × V4 × V4 × V7 × Mo7) × 2 + (V2 × Mo4 × V4 × V7 × V7) × 2 + (Mo2 × V4 × 
V4 × V7 × V7). 
Probability of five V cations in the catalytic center: 
P(V=5) = (V2 ×V4 ×V4 ×V7 ×V7) 
According to the data in Table 2.8 of Supporting Information, no clear correlation was 
observed between the selectivity to ACN and the probability of finding less than 3 V cations in the 
catalytic center (S2-S4-S4-S7-S7). For example, M1-Ta HT(0.09) having the highest probability 
of finding less than 3 V cations in the catalytic center and M1-Ta HT(0.15) having the lowest 
probability of finding less than 3 V cations in the catalytic center (S2-S4-S4-S7-S7) showed the 
similar maximum selectivity to ACN. Therefore, a new model is needed in order to establish the 
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relationships between the metal distributions in the catalytic center and catalytic behavior of the 
MoVTeTaO M1 phase catalysts.  
2.3.5.2.3 New probability models for propane ammoxidation over MoVTeTaO M1 phases 
A recent study of Li et al. [52] indicated that in addition to site 4 and site 7 in the catalytic 
center, site 3 also contains V5+, suggesting that propane might be activated over site 3. This study 
[52] also suggested that S2 contained only reduced V4+, which was considered to be inactive for 
propane activation [16, 46]. Therefore, S3 was included in the catalytic center while S2 was 
excluded from it for the first new model, Model 1, proposed based on the ORIG-1 [14-17].  
We made the following assumptions for Model 1: (1) the isolated V5+ cation present in S3 
only converts propane to propylene, (2) one V5+ cation in the S4-S4-S7-S7 center converts propane 
(and the propylene intermediate) to ACN, (3) while two and more V5+ cations in the S4-S4-S7-S7 
center are propane combustion sites, (4) absence of V5+ in the S3-S4-S4-S7-S7 is inactive for 
propane conversion.  According to these assumptions, the probabilities of 0-1 V5+ in S3 and 0-4 
V5+ in the new S4-S4-S7-S7 center were calculated (Table 2.9 of Supporting Information). Cases 
1 and 5 shown in Table 2.9 of Supporting Information were considered to be only selective for 
propylene, while cases 2 and 3 were regarded to be selective for both propylene and ACN on the 
basis of assumptions stated above.   
The sums of probabilities for cases 1 and 5, assumed to form only propylene, and for cases 
2 and 3, assumed to form both propylene and ACN, for M1-Ta (0.09), M1-Ta (0.12), M1-Ta (0.15), 
M1-Ta MW, and M1-Ta HT(P) are shown in Table 2.10 of Supporting Information. The predicted 
maximum selectivities to ACN of all MoVTeTaO M1 phase catalysts, calculated by the method 
of Grasselli et al. [14-17], were also included in Table 2.10 of Supporting Information. According 
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to Model 1, M1-Ta HT(0.12) and M1-Ta HT(0.15) are predicted to be more selective to ACN than 
M1-Ta HT(0.09) based on the fractions of selective sites shown in Table 2.10 of Supporting 
Information. However, there were no significant differences in the observed maximum selectivity 
to ACN between M1-Ta HT(0.15) and M1-Ta HT(0.09) in Table 2.2. Also, the predicted 
maximum selectivities to ACN for all MoVTeTaO M1 phase catalysts shown in Table 2.10 of 
Supporting Information are considerably lower than the experimentally observed maximum 
selectivities reported in Table 2.2.  
The combined yield of propylene and ACN was further plotted in Figure 2.10 of Supporting 
Information as a function of the probability of finding 1-2 V5+ cations in the newly proposed S3-
S4-S4-S7-S7 center since single V5+ in S3 was proposed to only activate propane to propylene, 
while a single V5+ in S4-S4-S7-S7 was proposed to not only convert propane to propylene, but 
also propylene to ACN. However, no correlation between the probability of finding 1-2 V5+ in the 
newly proposed S3-S4-S4-S7-S7 center and combined yield of propylene and ACN was observed 
(Figure 2.10 of Supporting Information). Therefore, it appears that Model 1 is unable to predict 
catalytic performance of the MoVTeTaO M1 phase catalysts in propane ammoxidation on the 
basis of metal distribution in ab planes of M1 phase.    
Since site 3 was not found to be catalytically important based on the results of Model 1, 
Model 2 was considered next where site 3 was excluded from the catalytic center. The following 
assumption was made for Model 2: the catalytic performance is related with the total V content in 
the catalytic center (S2-S4-S4-S7-S7) irrespective of V oxidation state. This assumption for Model 
2 was proposed based on the results of Naraschewski et al. [53, 54] where they reported a linear 
relationship between the initial rate of propane oxidation to acrylic acid and V content of 
MoVTeNbO catalysts. The yield of ACN was plotted in Figure 2.3 as a function of total V content 
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in the catalytic center (S2-S4-S4-S7-S7). A correlation between the yield of ACN and the total V 
content in S2-S4-S4-S7-S7 (Figure 2.3) was found with one exception of M1-Ta HT(P). The 
possible reasons for the M1-Ta HT(P) being an outlier are discussed further below.  
 
Figure 2.3. Yield of acrylonitrile, Y(ACN), as a function of total V content in the catalytic center 
(S2-S4-S4-S7-S7) of M1-Ta HT(0.09), M1-Ta HT(0.12), M1-Ta HT(0.15), M1-Ta MW, and 
HT(P) in propane ammoxidation; Reaction conditions: C3H8:NH3:O2:He=5.7:8.6:17.1:68.6 (%); 
total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction temperature: 693 K.  
 
We further attempted to correlate the catalytic activity in propane consumption with the 
Mo/V distribution in ab planes of M1 phase on the basis of Model 2. According to the results of 
previous kinetic studies of MoVTeNbO M1 catalyst in propane ammoxidation, the rate of propane 
consumption over the MoVTeTaO M1 phase catalysts under propane ammoxidation conditions 
was fit well by a first-order irreversible reaction kinetics for a plug flow reactor model [4, 55]. 
The reaction data for propane ammoxidation over MoVTeTaO M1 phase catalysts was 


















Total V content in S2-S4-S4-S7-S7
M1-Ta HT(0.09) M1-Ta HT(0.12) M1-Ta HT(0.15) M1-Ta MW M1-Ta HT(P)
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k”, for MoVTeTaO M1 phase catalysts were linear supporting the conclusion that the rate of 
propane consumption is the 1st order reaction (Figure 2.11 of Supporting Information). The 
activation energies of propane consumption over MoVTeTaO M1 phase catalysts from the 
Arrhenius plots (Figure 2.11 of Supporting Information) are in the range of 112~158 (kJ·mol-1). 
These activation energies are in good agreement with the activation energy (131 kJ·mol-1) of 
MoVTeNbO M1 phase reported in the previous study where propane ammoxidation was also 
assumed to be a first-order reaction [4]. 
The propane consumption rate constants, k”, for all catalysts are plotted against the total V 
content in the catalytic center (S2-S4-S4-S7-S7) of M1 phase in Figure 2.12 of Supporting 
Information, which showed a lack of correlation. It may be explained by the fact that k” values 
have been normalized to the total BET surface area of the M1 catalysts (Table 2.1), whereas the 
catalytic activity in propane ammoxidation is thought to be associated with the presence of only 
surface ab planes. This view is supported by the results of our recent study of a MoVTeNbO M1 
phase selectively exposing ab planes which provided additional evidence that the ab planes may 
be responsible for its high activity and selectivity in propane ammoxidation [51]. The MoVTeTaO 
M1 phase catalysts employed in this study showed rod-shaped crystal morphologies with different 
extent of exposure of surface ab planes (Figure 2.2 of Supporting Information). In order to account 
for these differences, the reaction rate constants, k”, were normalized to the surface ab plane areas 
of these M1 phases estimated by measuring the lengths and diameters of statistically representative 
numbers (N=30) of M1 phase crystals in respective SEM images of each catalyst (Table 2.11 of 
Supporting Information). The ab plane surface areas were estimated based on three assumptions: 
all MoVTeTaO catalysts in this study were (1) pure M1 phase, (2) 100% crystalline, (3) and 
possessed a perfect cylindrical shape.  
68 
 
It is worth mentioning that the length of M1 crystals decreased with the Ta synthesis 
concentration for M1-Ta HT(0.09), M1-Ta HT(0.12), and M1-Ta HT(0.15). This observation is in 
good agreement with previous findings that Nb5+ (and oxalate) ions suppressed crystal growth of 
the MoVTeNbO M1 phase [56]. The estimated surface ab plane areas were used to calculate the 
new reaction rate constant, k” ab. Those k” ab were plotted against the total V content in the catalytic 
center (S2-S4-S4-S7-S7) of the MoVTeTaO M1 phase catalysts in Figure 2.4.  
 
Figure 2.4. Reaction rate constants, k”ab , normalized to the estimated ab plane surface areas vs. 
the total V content in the catalytic center (S2-S4-S4-S7-S7) of M1-Ta HT(0.09), M1-Ta HT(0.12), 
M1-Ta HT(0.15), M1-Ta MW, and HT(P) in propane ammoxidation; Reaction conditions: 
C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction 
temperature: 693 K.  
 
The reaction rate constants, k”ab, were found to increase with the total V content in the 
catalytic center (S2-S4-S4-S7-S7) of M1 phase catalysts (Figure 2.4), with one exception of M1-
Ta HT(P), which is discussed further below. This result suggests that the V contents in the catalytic 























Total V content in S2-S4-S4-S7-S7
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propane ammoxidation. These observations seem consistent with the results of Naraschewski et al. 
[53, 54] that showed a linear relationship between the initial rate of propane conversion and the 
vanadium content of MoVTeNbO M1 phase in propane oxidation to acrylic acid.  
In summary, Model 2 was relatively successful in establishing a correlation between the 
yield of ACN and the total V content in the proposed catalytic center of the MoVTeTaO M1 phase 
catalysts (Figure 2.3) and a correlation between the reaction rate constants, k”ab, and the total V 
content in the proposed catalytic center of the MoVTeTaO M1 phase catalysts (Figure 2.4). These 
findings are also consistent with other studies [53, 54, 57] suggesting the importance of V content 
in the M1 phase for propane activation during propane ammoxidation. 
Although Model 2 established a correlation between the catalytic behavior and the total V 
content in the catalytic center of the MoVTeTaO M1 phase catalysts of this study, it did not probe 
the importance of multiple vanadium sites for propane ammoxidation, which were previously 
suggested to be more efficient in propane activation [58-60]. Indeed, a previous experimental study 
of propane oxidation to acrylic acid combined with chemical probe chemisorption and low energy 
ion scattering (LEIS) conducted by our group indicated that multiple VOx sites present in M1 
phases may be more efficient in selective propane oxidation than isolated VOx species [58]. 
Therefore, another model, Model 3, was explored in order to improve the predictive capability for 
all MoVTeTaO M1 phase catalysts employed in this study. For Model 3, it was hypothesized that 
the reactivity in propane ammoxidation correlated with probability of finding more than one V in 
the catalytic center (S2-S4-S4-S7-S7). 
In Model 3, the catalytic reactivity in propane ammoxidation was correlated with: (1) 
P(V=2), the probability of two V cations in the catalytic center (case 1); (2) P(V=2)+P(V=3), the 
70 
 
combined probability of two and three V cations in the catalytic center (case 2); and (3) 
P(V=2)+P(V=3)+P(V=4), the combined probability of 2-4 V cations in the catalytic center (case 
3). Although the probability of five V cations in the catalytic center is theoretically possible, the 
P(V=5) was significantly less than 0.1 for all MoVTeTaO M1 phase catalysts and, therefore, was 
not considered in this study.  
The probabilities of P(V>2) in the catalytic center (S2-S4-S4-S7-S7) shown in Table 2.3 
were calculated according to equations shown in section 2.3.5.2.2. The probabilities for case 3 for 
all MoVTeTaO M1 phases were plotted against the yield of ACN in Figure 2.5. As shown in Figure 
2.5, the yield of ACN increased with the probability of V>2 in the catalytic center except for M1-
Ta HT(P), which is discussed further below.  
Table 2.3. Probabilities of the number of V cations more than 2, P(V>2), in the catalytic center 













Case 1: P(V=2) 0.36 0.33 0.33 0.31 0.36 
Case 2: P(V=2)+P(V=3) 0.62 0.44 0.43 0.41 0.61 





Figure 2.5. Yield of acrylonitrile, Y(ACN), as a function of probability of V>2 in the catalytic 
center (S2-S4-S4-S7-S7) of M1-Ta HT(0.09), M1-Ta HT(0.12), M1-Ta HT(0.15), M1-Ta MW, 
and HT(P) in propane ammoxidation; Reaction conditions: C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; 
total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction temperature: 693 K.  
 
The propane consumption rate constants, k”, based on BET surface areas were plotted 
against the probabilities of V>2 in the catalytic center (S2-S4-S4-S7-S7) for all MoVTeTaO M1 
phase catalysts in Figure 2.13 of Supporting Information. However, no correlations between the 
propane consumption rate constants, k”, and probabilities of V>2 in the catalytic center were 
observed since only the surface ab planes were proposed to be responsible for the catalytic activity 
of the M1 phase [16, 21, 22, 47, 48, 49]. Therefore, the reaction rate constants, k”ab, based on the 
geometric estimates of surface ab plane areas (Table 2.11 of Supporting Information) were plotted 
against the probabilities of V>2 in the catalytic center (Figure 2.6), which showed increasing trends 
of k”ab along with the probabilities of V>2 in the catalytic center. This finding is similar to that 
observed for Model 2 and shown in Figure 2.4. The observed correlations between k”ab and the 
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probabilities of V>2 in S2-S4-S4-S7-S7 lend further support to our previous findings [58-60] that 
multiple VOx redox sites present in the surface ab planes of the M1 phase may be more active in 
propane (amm)oxidation. 
 
Figure 2.6. Reaction rate constants, k”ab , based on the estimated ab planes surface area plotted as 
a function of probability of V>2 in the catalytic center (S2-S4-S4-S7-S7) of M1-Ta HT(0.09), M1-
Ta HT(0.12), M1-Ta HT(0.15), M1-Ta MW, and HT(P) in propane ammoxidation; Reaction 
conditions: C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 mL•min-1; 0.2 g catalyst; 
reaction temperature: 693 K.  
 
It should be noted that our Models 1-3 represent a departure from earlier ORIG-1, ORIG-
2, REV-1, and REV-2 models for propane ammoxidation proposed by Grasselli et al. [14-17, 46, 
47]. However, as described above, our models differ from these earlier models because the metal 
oxidation states in the MoVTeTaO M1 phase catalysts were not determined in the present 
HAADF-STEM image study. In addition, different assumptions were made in the case of each 
model to predict catalytic performance based on the metal distributions in the MoVTeTaO M1 
phase catalysts.   
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The new models were unable to explain the catalytic behavior of one M1 phase catalyst, 
M1-Ta HT(P), which was an outlier according to Models 2 and 3. These observations may be 
understood in terms of the detrimental impact of oxalate anion on the oxidation state of Te in the 
synthesis gel. In a recent study, Ivars et al. [56, 61] prepared the MoVTeNbO M1 phases at 
different oxalate/Mo molar ratios in the synthesis gel and found that the most selective catalysts 
for propane oxidation possessed the oxalate/Mo ratios of 0.4~0.6. They proposed that the oxalate 
anion was responsible for Te6+ reduction to Te4+ and suggested that controling the oxalate 
concentration in the synthesis gel is critical to obtaining highly active and selective M1 phases for 
propane oxidation. Therefore, in light of these earlier findings [56, 61], we speculate that the low 
reactivity of M1-Ta HT(P) in propane ammoxidation may be explained by excessive Te6+ 
reduction to Te4+ due to the presence of oxalate during synthesis. 
2.4. Conclusions 
In this study, the MoVTeTaO M1 phase catalysts were successfully synthesized by 
conventional hydrothermal (HT) and microwave-assisted (MW) approaches employing Ta 
ethoxide and Ta oxalate as Ta sources. The XRD patterns of all catalysts after the H2O2 treatment 
showed the presence of pure M1 phase. It was found that all MoVTeTaO M1 phase catalysts were 
active in propane ammoxidation and showed different selectivity to ACN depending on synthesis 
methods and compositions. The HAADF-STEM image analysis of all MoVTeTaO M1 phase 
catalysts provided metal distributions in various lattice sites and confirmed that Ta is exclusively 
located in S9. The profile intensity analysis of the M1 phase oriented along [hk0] directions from 
the surface to bulk region indicated that the chemical composition of the surface ab planes is very 
similar to their composition in the bulk. The HAADF-STEM image analysis showed that synthesis 
methods have a significant impact on the Mo/V distribution as well as Ta occupancy of the 
74 
 
MoVTeTaO M1 phase catalysts examined in this study. M1-Ta catalysts prepared by the HT 
method exhibited the highest Ta occupancy at S9. A general trend of decreasing of V content with 
increasing Ta occupancy in S9 was observed. The obtained Mo/V distributions of all MoVTeTaO 
M1 phase catalysts were initially employed to predict their catalytic performance according to an 
earlier methodology [10] , but no clear correlations were obtained with observed catalytic behavior 
of all MoVTeTaO M1 phase catalysts in propane ammoxidation. 
Three new Models 1-3, were developed to predict the catalytic properties of five 
MoVTeTaO M1 phase catalysts in this study. Model 1, where S3 was incorporated into the S3-
S4-S4-S7-S7 catalytic center, was unable to correlate the catalytic performance of MoVTeTaO 
M1 phase catalysts in propane ammoxidation with their Mo/V distributions. However, Models 2 
and 3 advanced in this study suggested correlations between new descriptors of the Mo/V 
distribution in the surface ab planes of the MoVTeTaO M1 phase catalysts and their catalytic 
behavior in propane ammoxidation. Specifically, enhanced ACN yields and 1st order irreversible 
reaction rate constants for propane consumption, k”ab, normalized to the estimated surface ab plane 
areas, correlated with increasing the total V content in the S2-S4-S4-S7-S7 (Model 2) or the 
probability of V over 2 in the S2-S4-S4-S7-S7 (Model 3). The correlations for k” were observed 
only when k” was normalized to the surface ab plane areas (as opposed to the total BET surface 
areas), lending further support to the idea that the surface ab planes may contain the active and 
selective surface sites for propane ammoxidation. Models 2 and 3 resulted in a correlation 
emphasizing the importance of total V content in the S2-S4-S4-S7-S7 center and multiple VOx 
sites for the catalytic activity and selectivity in propane ammoxidation, respectively. Moreover, 
the improved understanding of fundamental relationships between the composition of the surface 
ab planes of MoVTeTaO M1 phase and its catalytic behavior can provide rules of rational design 
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of improved mixed metal oxide catalysts for propane ammoxidation and other selective oxidation 
reactions.  
In this chapter, we presented the metal distributions in ab planes of M1 phase determined 
by the HAADF-STEM images analysis and derived tentative relationships between the metal 
distributions in ab planes of M1 phase and its catalytic performance. However, the accuracy of 
this approach is limited by the validity of the underlying assumption that the image intensity is 
proportional to Zn, where Z is the atomic number and n is fixed at 2. Previous studies established 
that n varies significantly (1.5 < n <2) depending on the experimental parameters and contribution 
of thermal diffuse scattering [62-64]. Therefore, the variation of n for Zn under specific conditions 
of STEM image acquisition is expected to have a significant impact on the accuracy of metal 
distributions in the M1 phase. This conclusion is supported by the results of a recent study by Blom 
et al. [11], which showed significant intensity differences between the experimental and simulated 
HAADF-STEM images depending on the M1 specimen thickness. Therefore, further 
improvements to the current HAADF-STEM image analysis are needed in order to provide 
accurate and reliable metal site distributions in the ab planes of the M1 phase catalysts.  
The limitations of the current approach of using a fixed n for Zn will be addressed by 
employing powerful STEM image simulation software that allows the simulation of STEM images 
under realistic experimental conditions for a direct comparison with experimental STEM images. 
Chapter 3 of this thesis will discuss the application of QSTEM, a STEM image simulation software 
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2.7. Supporting Information for Chapter 2 
Table S2.1. Metal site occupancies of the M1-Ta HT(0.12), MW, and HT(P) catalysts 
calculated from HAADF-STEM images. 
 
 Site 
M1-Ta HT(0.12) M1-Ta MW M1-Ta HT(P) M1-Ta SE [1] 











S1 0.84 0.16   0.12 1 0   0.09 0.56 0.44   0.08 1.00 0.00   
S2 0.39 0.61   0.05 0.41 0.59   0.04 0.35 0.65   0.05 0.37 0.63   
S3 0.63 0.37   0.04 0.58 0.42   0.03 0.53 0.47   0.05 0.34 0.66   
S4 0.87 0.13   0.09 0.89 0.11   0.07 0.7 0.3   0.07 1.00 0.00   
S5 0.99 0.01   0.01 1.02 (0.02)   0.01 1.01 (0.01)   0.02 1.00 0.00   
S6 0.95 0.05   0.05 0.9 0.1   0.03 0.95 0.05   0.03 1.00 0.00   
S7 0.7 0.3   0.11 0.71 0.29   0.06 0.57 0.43   0.06 0.59 0.41   
S8 1.01 (0.01)   0.01 0.98 0.02   0.01 0.99 0.01   0.02 1.00 0.00   
S9 0.61   
0.3
9 
0.04 0.67   
0.3
3 
0.03 0.79   
0.2
1 
0.04 0.56   0.44 
S10 0.99 0.01   0.04 1.01 (0.01)   0.03 0.93 0.07   0.03 1.00 0.00   
S11 1.02 (0.02)   0.05 1.14 (0.14)   0.06 0.95 0.05   0.04 1.00 0.00   
Sum 9 1.6     9.29 1.38     8.33 2.46     8.85 1.71   
C.I* is upper and lower 95% confidence interval; ( ) indicates a negative value.  
 
Table S2.2. Metal occupancies of the M1-Ta HT(0.09), HT(0.12), and HT(0.15) catalysts 
calculated from HAADF-STEM images. 
Site 
M1-Ta HT(0.09) M1- Ta HT(0.12) M1- Ta HT(0.15) 
Mo V Ta C.I* Mo V Ta C.I* Mo V Ta C.I* 
S1 0.55 0.45  0.15 0.84 0.16  0.12 0.63 0.37  0.16 
S2 0.33 0.67  0.12 0.39 0.61  0.05 0.42 0.58  0.15 
S3 0.56 0.44  0.11 0.63 0.37  0.04 0.47 0.53  0.09 
S4 0.69 0.31  0.21 0.87 0.13  0.09 0.94 0.06  0.31 
S5 1.02 (0.02)  0.07 0.99 0.01  0.01 1.04 (0.04)  0.06 
S6 0.94 0.06  0.11 0.95 0.05  0.05 1 0  0.14 
S7 0.56 0.44  0.1 0.7 0.3  0.11 0.65 0.35  0.12 
S8 0.98 0.02  0.07 1.01 (0.01)  0.01 0.96 0.04  0.06 
S9 0.88  0.12 0 0.61  0.39 0.04 0.8  0.2 0.07 
S10 1.02 (0.02)  0.11 0.99 0.01  0.04 0.82 0.18  0.15 
S11 0.99 0.01  0.14 1.02 (0.02)  0.05 0.99 0.01  0.11 
Sum 8.52 2.36   9 1.61   8.72 2.08   









M1-Ta HT(0.09) M1-Ta HT(0.12) M1-Ta HT(0.15) 
Mo/V Mo/Ta Mo/V Mo/Ta Mo/V Mo/Ta 
Synthesis 3.2 11.1 3.2 8.3 3.2 6.7 
SEM/EDS (Bulk) 3.6 3.6 3.1 3.0 3.3 2.9 
HAADF-STEM 
imaging 
3.6 71.0 5.6 23.1 4.2 43.6 
 
Table S2.4. STEM-based Mo and V occupancies in the proposed catalytic center (S2-S4-S4-
S7-S7) of MoVTeO, MoVTeNbO, and MoVTeTaO M1 phase catalysts [2]. 
 Sites 
MoVTeO MoVTeNbO MoVTeTaO  
Mo V Mo V Mo V 
S2 0.57 0.43 0.5 0.5 0.42 0.58 
S4 0.62 0.38 0.79 0.21 0.95 0.05 
S7 0.53 0.47 0.74 0.26 0.85 0.15 
Total 1.72 1.28 2.03 0.97 2.22 0.78 
 
Table S2.5. The calculated probability that the proposed catalytic center (S2-S4-S4-S7-S7) in 
the MoVTeO, MoVTeNbO, and MoVTeTaO M1 phase catalysts will contain between zero and 
five vanadium cations [1]. 
# V cations MoVTeO  MoVTeNbO MoVTeTaO 
0 0.06 0.17 0.27 
1 0.23 0.38 0.50 
2 0.34 0.31 0.19 
3 0.26 0.12 0.03 
4 0.09 0.02 0 





Table S2.6. STEM-based Mo and V occupancies in the proposed catalytic center (S2-S4-S4-







(0.15) M1-Ta MW M1-Ta HT(P) 
Mo V Mo V Mo V Mo V Mo V 
S2 0.33 0.67 0.39 0.61 0.42 0.58 0.41 0.59 0.35 0.65 
S4 0.69 0.31 0.87 0.13 0.94 0.06 0.89 0.11 0.7 0.3 
S7 0.56 0.44 0.7 0.3 0.65 0.35 0.71 0.29 0.57 0.43 
Total 1.58 1.42 1.96 1.04 2.01 0.99 2.01 0.99 1.62 1.38 
 
Table S2.7. The probabilities of finding 0-5 V cations in the proposed catalytic center (S2-S4-
S4-S7-S7) in M1-Ta HT(0.09), M1-Ta HT(0.12), M1-Ta HT(0.15), M1-Ta MW, and M1-Ta 
HT(P). 
# of V atoms in  











0 0.05 0.14 0.16 0.16 0.06 
1 0.22 0.39 0.41 0.41 0.24 
2 0.36 0.33 0.33 0.31 0.36 
3 0.27 0.12 0.10 0.10 0.25 
4 0.09 0.02 0.01 0.01 0.08 
5 0.01 0.00 0.00 0.00 0.01 
 
Table S2.8. Fractions of active sites and V content in the catalytic center (S2-S4-S4-S7-S7) of 
M1-Ta HT(0.09), M1-Ta HT(0.12), M1-Ta HT(0.15), M1-Ta MW, and M1-Ta HT(P) along 
with the experimentally observed maximum selectivity to acrylonitrile. 
Catalyst  *Active sites   
V content in the active 
center 
‡Maximum selectivity to 
acrylonitrile (%) 
M1-Ta HT(0.09) 0.63 1.42 71.6 
M1-Ta HT(0.12) 0.86 1.04 76.9 
M1-Ta HT(0.15) 0.9 0.99 70.5 
M1-Ta MW 0.88 0.99 70.4 
M1-Ta HT(P) 0.66 1.38 68.9 
*active site that is composed of less than 3 V cations in the catalytic center (S2-S4-S4-S7-S7); 







Table S2.9. Probabilities of finding 0-4 V5+ cations in the newly proposed catalytic center 
(S3-S4-S4-S7-S7) for M1-Ta (0.09), M1-Ta (0.12), M1-Ta (0.15), M1-Ta MW, and M1-
Ta HT(P). 
Case 1) Catalyst V5+=1 in S3 V5+=0 in the “active center” 
  M1-Ta HT(0.09) 0.44 0.15 
  M1-Ta HT(0.12) 0.37 0.37 
  M1-Ta HT(0.15) 0.53 0.37 
  M1-Ta MW 0.42 0.40 
  M1-Ta HT(P) 0.47 0.16 
Case 2) Catalyst V5+=0 in S3 V5+=1 in the “active center” 
  M1-Ta HT(0.09) 0.56 0.37 
  M1-Ta HT(0.12) 0.63 0.43 
  M1-Ta HT(0.15) 0.47 0.45 
  M1-Ta MW 0.58 0.42 
  M1-Ta HT(P) 0.53 0.38 
Case 3) Catalyst V5+=1 in S3 V5+=1 in the “active center” 
  M1-Ta HT(0.09) 0.44 0.37 
  M1-Ta HT(0.12) 0.37 0.43 
  M1-Ta HT(0.15) 0.53 0.45 
  M1-Ta MW 0.42 0.42 
  M1-Ta HT(P) 0.47 0.38 
Case 4) Catalyst V5+=0 in S3 V5+>1 in the “active center” 
  M1-Ta HT(0.09) 0.56 0.48 
  M1-Ta HT(0.12) 0.63 0.20 
  M1-Ta HT(0.15) 0.47 0.18 
  M1-Ta MW 0.58 0.18 
  M1-Ta HT(P) 0.53 0.46 
Case 5) Catalyst V5+=1 in S3 V5+>1 in the “active center” 
  M1-Ta HT(0.09) 0.44 0.48 
  M1-Ta HT(0.12) 0.37 0.20 
  M1-Ta HT(0.15) 0.53 0.18 
  M1-Ta MW 0.42 0.18 
  M1-Ta HT(P) 0.47 0.46 
Case 6) Catalyst V5+=0 in S3 V5+=0 in the “active center” 
  M1-Ta HT(0.09) 0.56 0.15 
  M1-Ta HT(0.12) 0.63 0.37 
  M1-Ta HT(0.15) 0.47 0.37 
  M1-Ta MW 0.58 0.40 




Table S2.10. The sums of probabilities for cases that are assumed to form only propylene and 






selectivity to ACN, % 
M1-Ta HT(0.09) 0.28 0.37 40 
M1-Ta HT(0.12) 0.21 0.43 56 
M1-Ta HT(0.15) 0.29 0.45 55 
M1-Ta MW 0.24 0.42 55 
M1-Ta HT(P) 0.29 0.38 41 
* calculated as 100% ×Σ selective centers to ACN / Σ [selective centers to ACN + waste 
centers]. It is assumed that all propylene, formed from the selective centers to ACN, is 
converted to ACN.  
 
Table S2.11. Geometric estimates of surface ab plane areas based on the analysis of M1 phase 










MoVTeTaO HT(0.09) 265±24 31±4 16 1.7 
MoVTeTaO HT(0.12) 170±19 31±4 16 2.7 
MoVTeTaO HT(0.15) 119±12 22±2 11 3.8 
MoVTeTaO MW 174±21 40±3 20 2.6 
MoVTeTaO HT(P) 136±12 21±2 11 3.3 
lmean: the mean of length of particles; dmean: the mean of diameter of ab planes; R: the radius of 





Figure S2.1. XRD patterns of MoVTeTa(Nb)O catalysts: a) MoVTeNbO HT; b) MoVTeTaO 







Figure S2.2. SEM images of MoVTeTaO catalysts: a) MoVTeTaO HT (0.09); b) MoVTeTaO 




Figure S2.3. (Left) The probability of finding Ta and Nb (calculated from DFT data); (Right) 
The HAADF-STEM images of M1-Ta HT(0.12) viewed down the [001] direction; a) at high 




Figure S2.4. Relative intensities of metal lattice sites in MoVTeTa(Nb)O M1 phases prepared by 
different synthesis methods. Relative intensities were obtained by normalizing the observed 
intensity by those of 100% Mo sites (S5, S6, S8, S10, and S11). The error bars were calculated by 






















































M1 MoVTeNb HT M1 MoVTeTa HT(0.09) M1 MoVTeTa HT(0.12)




Figure S2.5. a) 3D structural model of MoVTeTaO M1 phase oriented along [001] b) structural 
model of a 3 x 3 x 10 supercell of MoVTeTaO M1 phase oriented along [100]. These images were 
simulated by QSTEM software [5].   
 
Figure S2.6. Experimentally observed maximum selectivity to acrylonitrile as a function of Ta 
occupancy in S9 of M1-Ta HT (0.09), (0.12), and (0.15), M1-Ta MW, M1-Ta HT(P), during 
propane ammoxidation; Reaction conditions: C3H8:NH3:O2:He=5.7:8.6:17.1:68.6 (%); 0.2 g 
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Figure S2.7. The selectivity to acrylonitrile vs. Nb/Te ratios of Mo0.6V0.16-0.213Nb0.055-0.10Te0.10-
0.18Ox M1 phase catalysts [6].  
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Figure S2.9. Ta occupancy in S9 versus the Mo/V ratios in the catalytic center (S2-S4-S4-S7-
S7) of MoVTeTaO M1 phase. 
 
Figure S2.10. Combined yield of propylene and acrylonitrile, Y(C3H6+ACN), as a function of 
probability of 1-2 V5+ in the newly proposed catalytic center (S3-S4-S4-S7-S7) of M1-Ta HT(0.09), 
M1-Ta HT(0.12), M1-Ta HT(0.15), M1-Ta MW, and HT(P) in propane ammoxidation; Reaction 
conditions: C3H8:NH3:O2:He=5.7:8.6:17.1:68.6 (%); total flow rate, 26.3 mL•min-1; 0.2 g catalyst; 
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Figure S2.11. Arrhenius plots of k” of propane consumption over Ta HT(0.09), M1-Ta HT(0.12), 
M1-Ta HT(0.15), M1-Ta MW, and HT(P) catalyst during propane ammoxidation; Reaction 
conditions: C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 mL•min-1; 0.2 g catalyst; 
reaction temperature: 623-713 K.  
 
Figure S2.12. Reaction rate constants of propane consumption, k”, vs. total V content in the 
catalytic center (S2-S4-S4-S7-S7) of M1-Ta HT(0.09), M1-Ta HT(0.12), M1-Ta HT(0.15), M1-
Ta MW, and HT(P) in propane ammoxidation; Reaction conditions: 
C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction 
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Figure S2.13. Reaction rate constants, k”, based on BET surface areas plotted as a function of 
probability of V>2 in the catalytic center (S2-S4-S4-S7-S7) of M1-Ta HT(0.09), M1-Ta HT(0.12), 
M1-Ta HT(0.15), M1-Ta MW, and HT(P) in propane ammoxidation; Reaction conditions: 
C3H8:NH3:O2:He=5.7:8.6:17.1:68.6;total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction 
temperature: 693 K.  
 
The 1st order irreversible reaction rate constant [7] was calculated as follows: 
A → products, for any constant εA 
-r”A = -1/S(dNA/dt) = k”CA,[mol reacted/m2cat.surf.·s] 
k”τ” = -(1+εA) ln (1-XA)- εA XA  
where S is catalyst surface; τ” is the catalyst area-time time; εA is the fractional change in volume 
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Chapter 3. Quantitative analysis of HAADF-STEM images of MoVTeTaO M1 
phase catalysts for propane ammoxidation to acrylonitrile 
3.1. Introduction 
High-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) 
has been widely employed as one of the most important imaging techniques for the direct analysis 
of interfaces, structures and chemical compositions in materials because the contrast in HAADF-
STEM images is highly sensitive to the atomic number (Z) of scattering species and, therefore, is 
relatively simple to interpret [1-11]. Given the capability of the HAADF-STEM imaging technique 
to provide the details of atomic structure with sub-angstrom resolution, Pyrz et al. [12-14] 
employed the HAADF-STEM imaging to determine metal distributions in MoVTe(Nb, Ta)O M1 
phase catalysts. The M1 phase received much attention of the catalysis community in recent years 
due to its ability to convert propane highly selectively to acrylonitrile and acrylic acid, which are 
two very important chemical intermediates [15-17].  
According to Grasselli et al. [18-21], the unique ability of the M1 to selectively activate 
propane is related to local Mo/V compositions of the multimetallic catalytic centers present in the 
surface ab planes of this phase and comprising crystallographic sites 2, 4 and 7 that are isolated 
from one another by pentagonal bipyramidal sites 9 occupied by Nb or Ta. Pyrz et al. [12-14] 
provided the (x, y) coordinates and metal occupancies in the MoVTe(Nb, Ta)O M1 phase catalysts 
through HAADF-STEM image analysis, which was not based on computer-aided image 
simulations. A similar HAADF-STEM image analysis method was also used in our earlier study 
[22], which provided fairly accurate information about metal distributions in the MoVTeTaO M1 
phase catalysts. The advantage of the MoVTeTaO over MoVTeNbO M1 phase is that the heavy 
Ta cations can be directly imaged in STEM unlike Nb, which cannot be distinguished from Mo 
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due to a very similar elemental contrast [12-14]. However, this earlier image analysis methodology 
to determine the metal distributions in the MoVTeTaO M1 phase catalysts [22] is subject to several 
important limitations.  
First of all, the interpretation of HAADF-STEM image intensity in terms of the atom 
occupancies in the atomic columns is still under development [23-28]. For example, probe 
channelling, i.e., the tendency of the probe to focus along the atomic columns or even single atoms, 
[23] and “cross-talk”, i.e., dynamic scattering of electrons causing transfer of probe intensity from 
one column to another or from the channels to the columns, may occur depending on the sample 
choice and HAADF-STEM imaging conditions [24, 29-31]. It has been suggested that those effects 
may complicate or mislead the interpretation of HAADF-STEM images [4]. 
Secondly, the image intensity was assumed to be proportional to Zn, where Z is the atomic 
number and n is equal to 2 according to the Rutherford scattering [32]. However, previous studies 
suggested that n varies significantly (1.5 <n < 2) depending on the experimental parameters and 
contribution of thermal diffuse scattering (TDS) [33-35]. 
Therefore, it has been suggested that image simulations are required in order to accurately 
interpret and analyze HAADF-STEM images. Different approaches to simulate HAADF-STEM 
images have been developed in recent years. The multislice method that fully accounts for thermal 
diffuse scattering (TDS), has been extensively studied and employed for conventional TEM image 
and diffraction pattern simulations [33, 36, 37]. Wang and Cowley [33] indicated that TDS plays 
a dominant role in determining the ADF image contrast. It was also suggested that TDS 
substantially contributed to the intensity of background and atomic columns [38]. The effect of 
TDS was modeled by averaging the scattering intensity obtained from different, random atom 
displacement configurations [39]. That TDS model, which is frequently called “frozen phonon”, 
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is believed to be the most accurate so far [36, 39]. In several studies, LeBeau et al. demonstrated 
exceptionally good quantitative agreement between experimental and simulated results based on 
the multislice method with the frozen phonon approximation [1, 40, 41].  
Blom et al. [37] employed the multislice method with frozen phonon approximation in 
order to develop their earlier HAADF-STEM image analysis methodology [12-14]. It should be 
noted that they did not conduct a direct comparison of simulated metal site occupancies in local 
atomic columns with experimental atomic column intensities from the HAADF-STEM images. 
Instead, they compared their simulated metal occupancies in atomic columns with averaged metal 
site occupancies from two different structure models based on Rietveld refinement of the 
Synchrotron X-ray (S-XPD) and Neutron powder diffraction (NPD) data by DeSanto et al. [42] 
and Li et al. [43], respectively. Furthermore, the simulated intensities were found to be lower than 
the experimental intensities for higher V occupancy sites of the M1 phase, while the simulated 
intensities for the sites with V occupancy between 24 and 30% were indistinguishable. They 
suggested that the limited agreement between experiment and simulation may be explained by the 
possible near-surface enrichment of one element in the mixed Mo/V sites of the M1 phase. 
Therefore, further studies are needed in order to accurately determine metal sites occupancies in 
atomic columns with the aid of STEM simulations employing the multislice method with frozen 
phonon approximation. 
Although the scattered HAADF-STEM intensity is generally suggested to be proportional to 
Zn, with a constant n depending on experimental conditions, a detailed relation between the 
scattered intensities and Zn is much more complicated as both elastic and inelastic scattering 
contribute to the scattered intensity at high angles [28, 35]. It has been suggested that the image 
intensity is significantly dependent on the specimen thickness, atomic vibration amplitude, crystal 
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structure, crystal orientation, and the detector geometry [44]. For instance, Klenov et al. [4] studied 
the contributions to the HAADF-STEM image contrast of epitaxial perovskite PbTiO3 film grown 
on a SrTiO3 single crystal. They found that the specimen thickness considerably influenced the 
image intensity of both the atomic columns and background. In addition, it has also been suggested 
that the geometry of detector angle is one of the important factors influencing the image intensity 
and should be accounted for in a simulation [4, 23]. 
Therefore, the main objective of this study was to obtain accurate metal distributions in the 
MoVTeTaO M1 phase catalyst. QSTEM, an STEM image simulation software developed by Koch 
[46] on the basis of multislice algorithm with the frozen phonon approximation, was employed in 
order to conduct a systematic examination of the roles of critical experimental factors, such as 
specimen thickness, detector angle and TDS, on the atomic column intensities in HAADF-STEM 
images. 
3.2. Experiment 
3.2.1 Specimen preparation 
The MoVTeTaO M1 phase was prepared by the hydrothermal synthesis method (HT) at the 
synthesis ratio of Mo:V:Te:Ta = 1.00:0.31:0.22:0.12 [22, 47]. A detailed procedure for the 
synthesis of the M1 phases was described in our earlier study [22]. 
3.2.2 HAADF-STEM imaging 
The sample preparation for STEM was described in a previous study [22]. The STEM imaging 
was performed on a FEI-Titan 60/300 microscope equipped with a CEOS aberration corrector on 
the illumination system under 300kV at Advanced Microscopy Division, Oak Ridge National 
Laboratory. Z-contrast images in this work were acquired at 300kV with a probe size of ~0.6 Å 
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with a convergence angle of 30mrad and inner collection angle of 60 mrad. The acquisition time 
used for these images is 6 secs/1024*1024 pixels. All specimens were plasma-cleaned each time 
prior to image collecting by Fischione plasma cleaner to prevent specimen contamination during 
the STEM observation.  
3.2.3 HAADF-STEM image simulation by QSTEM 
The HAADF-STEM image simulation was performed using the QSTEM simulation software 
[46]. The M1 phase supercell structure models consisted of 3×3×125 unit cells (63.4452 Å 
×79.9416 Å ×500.4125 Å) were used in simulations. The probe array was 500×500 pixels with 
0.024 Å the resolution. The slice thickness was 4.0033A. The image simulations were done for an 
XY area corresponding to X=31.5 and Y=36.7 consisting of 200×200 pixels. The microscope 
parameters for QSTEM were as follows: 300 kV high voltage; 8.0 nm defocus; -0.037 mm 
astigmatism spherical aberration, C3; 30 mrad convergence angle; 5×108 brightness (A/cm2sr); 
thermal diffuse scattering (TDS) on; 0.8 eV dE; 1 μs dwell time; 300 K temperature; 0 deg angle; 
and 0 deg beam tilt. The values for detector geometry and specimen thickness were 108 to 300 
mrad and 50 nm respectively. The image simulations using the simplified M1 structure as structure 
model were performed on a personal computer. However, image simulations using the complete 
M1 structure models for the accurate HAADF-STEM image analysis used the computational 
resources of the Ohio Supercomputer Center due to the substantial amount of CPU time required.    
3.2.4 Data extraction from HAADF-STEM image 
 Gatan Microscopy Suite (GMS) version 2.10 from Gatan Inc. was employed to extract the 
data from both experimental and simulated HAADF-STEM images. The center-of-mass fit method 
determined the positions and intensities of atomic columns in experimental and simulated 
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HAADF-STEM image. The intensities of atomic columns were computed using Digital 
Microscopy (DM) scripts. In the case of simulated images, their file has .img format and the .img 
format was converted to .txt format through MATLAB software using the function, binread2D.m. 
because the .img format is not compatible with GMS.   
3.3. Results and Discussion 
3.3.1 Structural models for simulations and QSTEM software 
The MoVTeTaO M1 phase was chosen as a model structure for the simulations. The unit cell 
size, metal site coordinates and occupancies in the MoVTeTaO M1 phase were directly extracted 
from the structural model based on the Rietveld refinement of the S-XPD and NPD data [48]. The 
M1 phase structure was initially modified as shown in Table 3.1. This initial structural model was 
denoted as “a simplified M1 structure”, which was employed to study the influence of detector 




Table 3.1. Unit cell parameters and metal occupancies in the simplified M1 structure. 
Unit cell a (Å) b (Å) c (Å) 
Pba2 21.1484 26.6472 4.0033 
Sites Mo V Ta 
Site 1 1.0 0.0 0.0 
Site 2 0.0 1.0 0.0 
Site 3 0.0 1.0 0.0 
Site 4 1.0 0.0 0.0 
Site 5 1.0 0.0 0.0 
Site 6 1.0 0.0 0.0 
Site 7 0.0 1.0 0.0 
Site 8 1.0 0.0 0.0 
Site 9 0.0 0.0 1.0 
Site 10 1.0 0.0 0.0 
Site 11 1.0 0.0 0.0 
 
The oxygen atoms and their coordinates, partial occupancies and Debye-Waller factors (DWF) 
of all elements, which account for the effect of the temperature-dependent atomic vibrations on 
the periodic potential of the crystal [49], were included into the structural model, called here “a 
complete M1 structure”, for accurate interpretation of simulated HAADF-STEM images. It is 
important to note that the DFWs were estimated by default values, which are proportional to the 
inverse of the atomic mass, since the DWFs of metals have not been reported for the M1 phase. 
Te sites, which were not included in the simplified M1 structure for the sake of simplicity, were 
also included in complete M1 structures in order to improve the accuracy of the image analysis.  
QSTEM, a free software developed by Koch [46], was chosen for simulations of HAADF-
STEM images of the M1 phase for the following reasons: 1) QSTEM is based on multislice 
algorithm, which has been proven to correlate well with experimental images [23, 36, 50]; 2) 
QSTEM employs the frozen phonon approximation for thermal diffuse scattering (TDS) 
simulations which is known to provide an excellent agreement between the experiment and 
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simulations [51]; 3) QSTEM is relatively fast and uses a general Fourier transform algorithm; 4) 
QSTEM is scalable to handle systems of any size on several computer platforms [46].  
3.3.2 Normalization and subtraction of background  
In a recent study, Klenov et al. [4] demonstrated that the experimental and simulated image 
contrasts agreed well when the background intensity was subtracted. LeBeau et al. [1, 41] 
introduced a method where the experimental image intensity was normalized to that of the incident 
beam in order to directly compare experimental and simulated images. An excellent agreement 
was observed between the normalized intensities of experimental and simulated images after 
accounting for the spatial incoherence for SrTiO3 single crystals [41]. Therefore, two methods, 
background subtraction and image normalization, were employed in this study for an accurate 
analysis of HAADF-STEM images of the M1 phase based on the results of the above-mentioned 
studies that showed good agreement between the experiments and simulations.  
The obtained intensities of experimental and simulated HAADF-STEM images were denoted 
as Itot(Exp) and Itot(Sim), respectively. The background intensities, the lowest intensity observed 
in experimental and simulated HAADF-STEM images, were subtracted from Itot(Exp) and Itot(Sim). 
The atomic column intensities after background subtraction were denoted as Is(Exp) and Is(Sim), 
respectively. Is(Exp) and Is(Sim) were further normalized to the average intensities of 100% Mo 
sites 5, 6, 8, 10, and 11 present in the M1 phase and denoted as In(Exp) and In(Sim), respectively. 
The normalization of experimental and simulated HAADF-STEM intensities makes them directly 
comparable without further calibrating the image intensities. It is important to note that the 
normalization method employed in this study differed from the normalization method proposed by 
LeBeau et al. [1, 41] and described above.  
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3.3.3 Effects of inner and outer detector angles 
The normalized atomic column intensities of simulated HAADF-STEM images, In(Sim), for 
the simplified M1 structure with different outer detector angles are compared in Figure 3.1. Slight 
contrast differences were observed for all sites depending on the outer detector angles in the 
simulated HAADF-STEM images, but the contrast differences were not significant with the 
exception of site 9, which is occupied by 100% Ta (Figure 3.1). This result is reasonable because 
Ta (Z=73) is the heaviest element present in this M1 phase, i.e., Mo (Z=42) and V (Z=23). 
The impact of inner detector angle on atomic column intensity was also investigated. The 
normalized atomic column intensities of simulated HAADF-STEM images, In(Sim), for the 
simplified M1 structure with different inner detector angles are displayed in Figure 3.2. Similar to 
the above-mentioned observations, the contrasts from the normalized intensities shown in Figure 
3.2 were indistinguishable for all sites except site 9. This result agrees well with the results of a 
previous study where inner detector angle changes for HAADF-STEM were found to have a 




Figure 3.1. Normalized intensities of simulated HAADF-STEM images for metal lattice sites in 
the simplified M1 structure with different outer detector angles.  
 
Figure 3.2. Normalized intensities of simulated HAADF-STEM images for metal lattice sites in 
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These results indicated that the inner and outer HAADF-STEM detector angles have a minor 
influence on the intensity of metal lattice sites in the simplified M1 structure except site 9. Similar 
results were obtained by Blom et al. [37] who found the indistinguishable contrasts of all metal 
sites except site 9 of the MoVTeNbO M1 phase for two different detector geometries.  
In summary, it appears that normalized intensities of simulated HAADF-STEM images, 
In(Sim), for the simplified M1 structure were insensitive to the values of detector angles 
investigated here for all sites except site 9, which is occupied by the heaviest element, Ta. However, 
experimental inner and outer detector angles were used in image simulations in order to accurately 
determine the Ta occupancy at site 9 due to its greater sensitivity to these experimental parameters 
as compared to Mo and V.  
3.3.4 Effect of specimen thickness 
The atomic column intensities of simulated HAADF-STEM images after background 
subtraction, Is(Sim), along the c-axis of the simplified M1 structure as a function of specimen 
thickness are shown in Figure 3.3. As expected, the atomic column intensities after background 
subtraction, Is(Sim), of all sites steadily increased with specimen thickness (Figure 3.3). These 
results are similar to the findings of Klenov et al.[4] who found that the experimental image 
intensity increases monotonically with specimen thickness. Blom et al. [37] also showed a linear 
dependence of simulated image intensity on specimen thickness for the range between 1 to 100 
unit cells along the c-axis. These results clearly suggested that the specimen thickness has a 




Figure 3.3. Atomic column intensities of simulated HAADF-STEM images after background 
subtraction for metal lattice sites in the simplified M1 structure as a function of specimen thickness. 
Figure 3.4 shows the normalized atomic column intensities of simulated HAADF-STEM 
images, In(Sim), for different specimen thicknesses. V sites (S2, S3, S7) and Ta site (S9) show 
significant changes of normalized intensity in the simulated HAADF-STEM images as a function 
of specimen thickness. These findings are consistent with the results of Blom et al. [37] where 
normalized intensities of 100% Mo sites were very similar, while the linking sites, S1, S2, S3, S4, 
and S7, occupied by both Mo and V, showed significant normalized intensity differences 
depending on the specimen thickness. Therefore, the HAADF-STEM image simulations require 
accurate information about specimen thickness to accurately determine the metal distributions in 
the M1 phase.  




















Figure 3.4. Normalized intensities of simulated HAADF-STEM images for metal lattice sites in 
the simplified M1 structure for different specimen thicknesses.  
3.3.5 Effect of thermal diffusion scattering (TDS)  
In order to study the effect of TDS, the images were simulated both with and without TDS. 
The normalized intensities of simulated images, In(Sim), with TDS and without TDS are shown 
according to specimen thickness in Figure 3.5. We found significant differences in the normalized 
atomic column intensity for sites 2, 3, 7, and 9 of the simulated images with and without TDS 
(Figure 3.5). This result is consistent with observations by Wang and Cowley [33] who suggested 
that the image intensity contribution caused by TDS depends on the size of the atoms and their 
relative vibration amplitudes. Furthermore, n for Zn is calculated based on a calibration curve of 
the atomic column intensities of simulated images, Itot(Sim), (with and without TDS) and atomic 
numbers for Mo, V, and Ta (Table 3.2). The n for Zn without TDS ranged from 2.16 to 2.92 for 
different specimen thicknesses, but the range of n was located significantly above n=2 in the case 
of Rutherford scattering [32]. This unrealistically high range of n for Zn indicated that TDS plays 
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a highly important role in the image simulations as it strongly influences the atomic column 
intensity of all metals in this study. Thus, this result strongly indicated that the inclusion of TDS 
effects in simulations is a key for accurate HAADF-STEM image analysis of the M1 phase. In 
addition, we observed that n for Zn with TDS accounted for in simulations decreased from 1.7 to 
0.85 as the specimen thickness increased. These n values indicated that the previous assumption 
that atomic column intensity is proportional to Z2 is incorrect, and, therefore, the metal 
distributions in the M1 phase calculated based on that assumption are also inaccurate.    
 
Figure 3.5. Normalized intensities of metal lattice sites in the simplified M1 structure: simulated 
HAADF-STEM images with TDS and without TDS for different specimen thicknesses. The bars 
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Table 3.2. Calculated n for Zn from simulated HAADF-STEM images for the simplified M1 
structure. 
Thickness (Å) 116 196 316 396 496 
n for Zn (without TDS) 2.92 2.75 2.47 2.3 2.16 
n for Zn (with TDS) 1.71 1.37 1.08 0.95 0.85 
 
3.3.6 Z2- vs. QSTEM-based HAADF-STEM image analysis 
The metal distributions in the M1 phase were previously determined by the HAADF-STEM 
image analysis assuming that the atomic column intensities were proportional to Z2 [32]. Based on 
these metal distributions, a correlation between the number or probability of V cations in the 
proposed catalytic centers and the reactivity during propane ammoxidation to acrylonitrile was 
observed in Chapter 2. However, this analysis of HAADF-STEM images employed in the previous 
study was subject to several limitations as discussed above. Therefore, we performed the HAADF-
STEM image analysis employing QSTEM and compared its results to those from Z2-based 
HAADF-STEM image analysis. This QSTEM-based HAADF-STEM image analysis incorporated 
the effects of detector angles, specimen thickness, and TDS on atomic column intensities of 
simulated HAADF-STEM images. 
In our earlier study [22], we obtained high quality HAADF-STEM images of the MoVTeTaO 
M1 phase by employing aberration-corrected STEM. The detailed information about the 
experimental parameters used to collect the HAADF-STEM images of the M1 phase is described 
in the experimental section. The same experimental parameters were used to simulate these images. 
A trial-and-error approach was employed in this study in order to find the best match between 
the experimental and simulated images for multiple unit cells of this M1 phase. In this approach, 
normalized atomic column intensities in a large number (>30) of complete M1 structure models 
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were simulated for different trial Mo/V occupancies in sites 1-4, 7 and Mo/Ta occupancies of site 
9.   
The normalized atomic column intensities in simulated images strongly depended on the trial 
values of metal occupancy in complete M1 structure models. The sensitivity of the normalized 
atomic column intensity to Mo, V and Ta occupancies enabled accurate determination of site 
occupancies of these metals in the M1 phase. The normalized atomic column intensities of the 
experimental HAADF-STEM image of the M1 phase and simulated HAADF-STEM image of the 
best M1 structure are displayed in Figure 3.6, which show excellent agreement. The metal sites 
occupancies for the best M1 structure in Figure 3.6 are shown in Table 3.3. For comparison, the 
metal site occupancies of the M1 phase obtained by a Z2-based HAADF-STEM image analysis in 
Chapter 2 are also shown in Table 3.3.  
Significant differences of Mo and V occupancies in the sites 1, 2, 3, 4, 7, and Mo/Ta 
occupancy in site 9 of the M1 phase were observed for these 2 methods of HAADF-STEM image 
analyses (Table 3.3). For example, the V occupancy in linking sites 1, 2, 3, 4, 7 generally decreased, 
whereas the Ta occupancy in site 9 increased in the case of QSTEM-based analysis as compared 
to the Z2-based analysis.  
Figure 3.7 shows experimental and simulated HAADF-STEM images of the M1 phase.  As 
typically observed, the simulated HAADF-STEM image is much sharper than the corresponding 
experimental HAADF-STEM image because it lacks the noise and incoherent broadening of the 




Figure 3.6. Normalized intensities of experimental HAADF-STEM images of the M1 phase and 
of simulated HAADF-STEM image of the best M1 structure model for metal lattice sites. The 
error bars for experiments were calculated by averaging multiple unit cells in multiple images. The 
error bars are upper and lower 95% confidence interval.  
 
Table 3.3. Metal site occupancies of the M1 phase determined by Z2- and QSTEM-based 
HAADF-STEM image analysis, respectively. 
Site 
Z2- based analysis  
[M1-Ta HT(0.12) in Table S2.1] 
QSTEM - based analysis 
Mo V Ta C.I* Mo V Ta 
S 1 0.84 0.16  0.12 0.76 0.24  
S 2 0.39 0.61  0.05 0.74 0.26  
S 3 0.63 0.37  0.04 0.73 0.27  
S 4 0.87 0.13  0.09 0.9 0.1  
S 5 0.99 0.01  0.01 1 0  
S 6 0.95 0.05  0.05 1 0  
S 7 0.7 0.3  0.11 0.73 0.27  
S 8 1.01   0.01 1 0  
S 9 0.61  0.39 0.04 0.28  0.72 
S 10 0.99 0.01  0.04 1 0  
S 11 1.02   0.05 1 0  
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Figure 3.7. a) Experimental HAADF-STEM image of the M1 phase catalyst; b) Simulated 
HAADF-STEM image of the best M1 structure model. 
 
3.4. Conclusions 
In this study, the HAADF-STEM image simulations were performed in order to obtain 
accurate metal distributions in the MoVTeTaO M1 phase. The image simulations were 
conducted using a multislice method with the frozen phonon approximation implemented in 
QSTEM software. The effects of several key experimental parameters, i.e., detector geometry, 
specimen thickness, and TDS, on atomic column intensities observed in simulated HAADF-
STEM images were investigated. This study indicated that all parameters investigated had a 
marked influence on atomic column intensities in the M1 phase.  
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A novel method for the accurate determination of metal distributions in the M1 phase was 
developed by matching the normalized atomic column intensities in simulated and experimental 
HAADF-STEM images. This method provided accurate metal distributions in the M1 phase and, 
furthermore, indicated a significantly lower V occupancy in linking sites, S1, 2, 3, 4, and 7 and 
higher Ta occupancy in S9 as compared to the results of Z2-based HAADF-STEM image analysis. 
The novel methodology for HAADF-STEM image analysis described in this study is a valuable 
tool for accurate analysis of local chemical compositions in a wide range of functional crystalline 
materials. 
The results of this study demonstrated that QSTEM-based HAADF-STEM image 
analysis is more reliable and accurate as compared to Z2-based HAADF-STEM image analysis. 
Significant differences were observed between metal site occupancies at S1, 2, 3, 4, 7, and 9 
determined by Z2-based and QSTEM- based HAADF-STEM image analysis methods. The 
knowledge of accurate metal site occupancies in the linking sites S2, 4, and 7 is very crucial 
because these sites form an integral part of the proposed catalytic center (S2-S4-S4-S7-S7) for 
propane ammoxidation [18-21]. Moreover, these findings strongly suggested that the probability 
models presented in Chapter 2 need to be revised in light of more accurate and reliable metal site 
occupancies in the M1 phase catalysts determined by QSTEM-based HAADF-STEM image 
analysis. Therefore, Chapter 4 reports and discusses new correlations between metal site 
distributions in the M1 phase catalysts determined by the QSTEM-based HAADF-STEM image 
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Chapter 4. QSTEM-based HAADF-STEM image analysis of Mo/V 
distribution in MoVTeTaO M1 phase and their correlations with surface 
reactivity 
4.1. Introduction 
Direct ammoxidation of propane to acrylonitrile (ACN) has received significant attention of 
the scientific community in recent decades because propane is cheaper, more abundant and 
environmentally friendlier than the current propylene feedstock. Many catalytic systems have been 
researched, and the MoVTeNbO mixed metal oxide containing of two main crystalline phases, so-
called M1 and M2, has emerged as the leading candidate for direct propane ammoxidation to ACN 
[1-12].  
The M1 phase has an orthorhombic polyhedral molybdenum bronze structure with a 
framework similar to that of Mo5O14 and Mo17O47. This phase can be described by the generic 
formula {TeO}1-x(Mo, V, Nb)10O28, where the {TeO} component is interposed into framework 
channels [7, 9]. The M2 phase is an orthorhombically distorted hexagonal tungsten bronze (HTB) 
type structure. The formula for M2 is written as {TeO}2-x(Mo, V, Nb)6O18 [13]. The M1 phase was 
proposed to be responsible for propane activation and its selective transformation to ACN, while 
the M2 phase was found to play a secondary role by converting excess propylene intermediate that 
forms over the M1 surface into ACN.  
The bulk crystal structures of the M1 and M2 phase have been investigated by several groups 
in X-ray and neutron diffraction studies [7, 13, 14], which gave rise to several different versions 
of metal distribution in the M1 phase due to the complexity of refinement process [15]. However, 
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very little is known about their surface structure and chemical compositions that are critically 
important for understanding the catalytic behaviors of these phases. 
High-Angle Annular Dark-Filed Scanning Transmission Electron Microscopy (HAADF-
STEM) [16-18] emerged in recent years as a promising tool to study the structure and composition 
of crystalline multicomponent metal oxides with sub-angstrom resolution. Pyrz et al. [19-21] 
examined the HAADF-STEM images of the MoVTeNb(Ta)O M1 phases and found that the 
chemical composition of the M1 phase was in a good agreement with that reported in the earlier 
X-ray diffraction studies [14]. However, the local chemical compositions of the ab planes of the 
MoVTeTa M1 phase determined in previous HAADF-STEM studies were essentially bulk 
compositions based on average intensities of entire atomic columns corresponding to a large 
number of ab planes [19-21]. On the other hand, in Chapter 2 of this dissertation, we conducted 
the profile intensity analysis of the MoVTeTaO M1 phase oriented along the [hk0] directions and 
showed that the chemical composition of surface ab planes is very similar to that of bulk. Moreover, 
we prepared sectioned specimens with constant thickness (~50 nm) to avoid misinterpreting the 
HAADF-STEM image intensity, which is significantly influenced by the specimen thickness.  
Based on the above-mentioned improvements, we presented the metal site distributions in 
the ab planes of the M1 phase determined by the Z2-based HAADF-STEM image analysis of 
MoVTeTaO M1 phases in Chapter 2. The probability method of Pyrz et al. [20] and our Models 
1-3 based on metal site distributions determined by the Z2-based HAADF-STEM image analysis 
were examined in Chapter 2 in order to correlate the metal site distributions in the MoVTeTaO 
M1 phases with their catalytic performance in propane ammoxidation. No correlations were 
observed between the metal site distributions in the proposed catalytic center of the MoVTeTaO 
M1 phase catalysts and their catalytic performance for the method of Pyrz et al. [22] and Model 1 
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reported in Chapter 2. On the other hand, Model 2 (based on the total V content in the S2-S4-S4-
S7-S7 center) and Model 3 (based on the probability of finding more than 2 V cations in the S2-
S4-S4-S7-S7 center) resulted in several important trends. In the case of Model 2, a correlation 
between the ACN yield and the total V content in the S2-S4-S4-S7-S7 catalytic center and a 
correlation between 1st order irreversible reaction rate constant for propane consumption, k”ab, 
normalized to the estimated ab planes surface area, were established. In the case of Model 3, 
similar correlations were established for the probability of finding 2 and more V cations in the S2-
S4-S4-S7-S7 catalytic center.  
However, the Z2-based HAADF-STEM images analysis employed in Chapter 2 suffered 
from limited accuracy because of many simplifying assumptions made during the interpretation of 
the HAADF-STEM images of the M1 phases. One of the most restrictive assumptions employed 
in Chapter 2 was that the atomic column intensity was proportional to Zn (Z= atomic number), 
where n was taken to be 2 according to Rutherford scattering [22, 23]. However, previous studies 
established that n varies significantly (1.5 < n <2) depending on the experimental parameters and 
contribution of the thermal diffuse scattering [24-26]. Therefore, the variation of n for Zn under 
specific conditions of STEM image acquisition is expected to have a significant impact on the 
accuracy of metal distributions in the M1 phase. This conclusion is further supported by the results 
of a recent study by Blom et al. [27], which showed significant intensity changes in the simulated 
HAADF-STEM images depending on the M1 specimen thickness and detector angles. Therefore, 
an accurate analysis of HAADF-STEM data based on STEM image simulations is necessary to 
overcome limited accuracy and reliability of the previous approaches based on the assumption of 
n=2 for Zn. Subsequently, QSTEM, a STEM image simulation software developed by Koch [28], 
was employed in order to perform an accurate analysis of the HAADF-STEM images reported in 
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Chapter 3 of this dissertation. The impact of various experimental parameters, e.g., sample 
thickness, thermal diffuse scattering (TDS), detector angles, etc., were studied in great detail in 
QSTEM-simulated HAADF-STEM images and reported in Chapter 3. Combined experimental 
and simulated HAADF-STEM image analysis provided accurate metal distributions in ab planes 
of MoVTeTaO M1 phase catalysts in Chapter 3. 
Therefore, the main objective of this chapter was to employ the metal site occupancies of 
Mo, V, and Ta in the MoVTeTaO M1 phase catalysts obtained by QSTEM-based HAADF-STEM 
image analysis in Chapter 3 in order to explore the correlations between the composition of the 
proposed catalytic centers present in the surface ab planes of the M1 phase and its catalytic 
behavior in propane ammoxidation. 
4.2. Experimental 
4.2.1 Synthesis of MoVTeTaO M1 phase catalysts 
The synthesis of MoVTeTaO M1 phases catalysts employed in this study was described in 
Chapter 2.   
4.2.2 Analysis of experimental HAADF-STEM images 
The positions and intensities of atomic columns were determined by a center-of-mass fit. 
In order to interpret the intensity quantitatively in terms of elemental occupancies, the following 
assumptions were made: (1) the thickness of each unit cell was constant; (2) the background 
intensity was constant throughout each unit cell. Based on these assumptions, the intensities of 
atomic columns were computed using Digital Microscopy (DM) scripts. The obtained atomic 




4.2.3 QSTEM simulations of HAADF-STEM images  
Detailed information regarding the QSTEM simulations is described in Chapter 3. 
4.3. Results and Discussion 
4.3.1 QSTEM-based metal site occupancies of MoVTeTaO M1 phases 
As demonstrated in Chapter 3, the QSTEM-based HAADF-STEM image analysis provided 
accurate metal occupancies of the MoVTeTaO M1 phase catalysts. The Mo, V, and Ta occupancies 
in 11 crystallographic sites of the MoVTeTaO M1 phase catalysts determined by QSTEM-based 
HAADF-STEM image analysis are shown in Table 4.1.  
Table 4.1. Metal occupancies of the MoVTeTaO M1 phase catalysts determined by QSTEM-















Mo V(Ta) Mo V(Ta) Mo V(Ta) Mo V(Ta) 
site 1 0.35 0.65 0.76 0.24 0.65 0.35 0.77 0.23 0.79 0.21 
site 2 0.61 0.39 0.74 0.26 0.70 0.30 0.58 0.42 0.70 0.30 
site 3 0.65 0.35 0.73 0.27 0.66 0.34 0.67 0.33 0.72 0.28 
site 4 0.80 0.20 0.90 0.10 0.90 0.10 0.83 0.17 0.95 0.05 
site 5 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 
site 6 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 
site 7 0.56 0.44 0.73 0.27 0.85 0.15 0.70 0.30 0.85 0.15 
site 8 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 
site 9 0.88 (0.12) 0.28 (0.72) 0.60 (0.40) 0.51 (0.49) 0.65 (0.35) 
site 10 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 
site 11 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 
 
The M1-Ta HT(0.12) showed the highest Ta occupancy among all catalysts shown in Table 
4.1. The Ta occupancy in S9 decreased as follows: M1-Ta HT(0.12) > M1-Ta MW > M1-Ta 
HT(0.15) > M1-Ta HT(P) > M1-Ta HT (0.09). This order is similar to that observed in Chapter 2 
based on the Z2-based HAADF-STEM image analysis. It was previously reported in Chapter 2 that 
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the Ta occupancy in S9 did not correlate with synthesis Ta concentration. A similar conclusion 
was reached for Ta occupancies in S9 determined by the QSTEM-based HAADF-STEM image 
analysis. Those findings suggested that kinetic factors governing the Ta incorporation during 
hydrothermal synthesis of M1-Ta are poorly understood at present. Lastly, the metal site 
occupancies of the MoVTeTaO M1 phase catalysts determined by the QSTEM-based HAADF-
STEM image analysis were subsequently employed to build detailed surface molecular structure - 
catalytic reactivity relationships for propane ammoxidation to ACN over these M1 phase catalysts. 
These fundamental structure-catalytic reactivity relationships were discussed in detail below.  
4.3.2 Propane ammoxidation over MoVTeTaO M1 catalysts  
4.3.2.1 Catalytic performance of MoVTeTaO M1 catalysts  
The M1-Ta HT(0.09), HT(0.12), HT(0.15), MW, and HT(P) were tested in propane 
ammoxidation reaction. The reaction data for propane ammoxidation for all catalysts are shown in 
Table 2.2 of Chapter 2. The selectivity behavior of MoVTeTaO M1 phase catalysts towards 
propylene, ACN, and COx observed during propane ammoxidation was discussed in Chapter 2. 
The catalytic behavior reported in Table 2.2 of Chapter 2 is further discussed below on the basis 
of QSTEM-based metal occupancies in M1 phase catalysts.  
4.3.2.2 Probability models for propane ammoxidation over M1 phase 
Grasselli et al. [29] recently discussed four probability models, i.e., ORIG-1, ORIG-2, 
REV-1, and REV-2, and their predictions of ACN and propylene yields during propane 
ammoxidation based on the probabilities of the metal site distributions in the proposed catalytic 
center. They found that the expected maximum yield of ACN (predicted ACN yield plus propylene 
yield assuming all propylene is consecutively converted to ACN) of REV-2 differed from ORIG-
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1 and ORIG-2, while ORIG-1, ORIG-2, and REV-2 predicted similar ACN yield (41~43 mol. %). 
The expected maximum yield of ACN (59 mol. %) predicted by REV-2 is similar to the optimal 
ACN yield (62 mol. %) observed for the M1/M2 phase mixtures by Grasselli et al. [9]. Therefore, 
the REV-2 model represented an improvement over earlier models (ORIG-1 and ORIG-2) [29]. 
More detailed discussion of these models was conducted in Chapter 1.  
Beside the probability models proposed by Grasselli et al. [29], Pyrz et al. [20] determined 
the metal site occupancies in the MoVTeO, MoVTeNbO, MoVTeTaO M1 phase catalysts (Table 
1.5 of Chapter 1) by employing the HAADF-STEM image analysis and then estimated the 
probabilities of finding 0-5 V cations in the proposed S2-S4-S4-S7-S7 catalytic center (Table 1.6 
of Chapter 1). They estimated that ~86 % of the MoVTeNbO, ~97 % of the MoVTeTaO, and 64 % 
of the MoVTeO M1 phases would have S2-S4-S4-S7-S7 centers containing less than 3 V cations. 
They further stated that the increasing V concentration in the catalytic center (S2-S4-S4-S7-S7) 
corresponded with the decreasing selectivity to ACN when the MoVTeO M1 catalyst was 
compared to the MoVTeNbO and MoVTeTaO M1 phase catalysts. However, no clear correlation 
between the probability of finding less than 3 V cations in the S2-S4-S4-S7-S7 catalytic center 
(Table 1.6 of Chapter 1) and the ACN yield over the MoVTe, MoVTeNbO, and MoVTeTaO 
catalysts in propane ammoxidation was suggested by the ACN yield data shown in Table 1 [20]. 
It should be noted that the probabilities of finding vanadium cations in the proposed catalytic center 
(S2-S4-S4-S7-S7) calculated by Pyrz et al. [20] did not consider vanadium oxidation state, whereas 
the ORIG-1 model described by Grasselli et al. [30] accounted for the oxidation states of vanadium 
by explicitly calculating the probability of V5+ in the proposed catalytic center (S2-S4-S4-S7-S7).  
As stated in Chapter 2, we employed the same approached as described by Pyrz et al. [20] 
for predicting the catalytic performance of the MoVTeTaO M1 phase catalysts in propane 
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ammoxidation because we obtained accurate metal site occupancies from the QSTEM-based 
HAADF-STEM image analysis but lacked the oxidation state information. The QSTEM-based 
metal distributions in the catalytic center (S2-S4-S4-S7-S7) and the probabilities of finding 0-5 
vanadium in the catalytic center (S2-S4-S4-S7-S7) are listed in Tables 4.2 and 4.3, respectively, 
according to the probability approach described by Pyrz et al. [20]. Calculation of the probabilities, 
P, of finding different numbers of V cations in the catalytic center was described in Chapter 2.  
Table 4.2. QSTEM-based Mo and V occupancies in the proposed catalytic center (S2-S4-S4-












Site Mo V(Ta) Mo V(Ta) Mo V(Ta) Mo V(Ta) Mo V(Ta) 
site 2 0.61 0.39 0.74 0.26 0.70 0.30 0.58 0.42 0.70 0.30 
site 4 0.80 0.20 0.90 0.10 0.90 0.10 0.83 0.17 0.95 0.05 
site 7 0.56 0.44 0.73 0.27 0.85 0.15 0.70 0.30 0.85 0.15 
Sum 1.97 1.03 2.37 0.63 2.45 0.55 2.11 0.89 2.50 0.50 
 
Table 4.3. The probabilities of finding 0-5 V cations in the proposed catalytic center (S2-S4-
S4-S7-S7) in M1-Ta HT(0.09), M1-Ta HT(0.12), M1-Ta HT(0.15), M1-Ta MW, and M1-Ta 
HT(P). 
# of V atoms in  











0 0.12 0.32 0.41 0.20 0.46 
1 0.33 0.42 0.41 0.39 0.40 
2 0.34 0.21 0.15 0.29 0.12 
3 0.16 0.05 0.03 0.10 0.02 
4 0.04 0.00 0.00 0.02 0.00 
5 0.00 0.00 0.00 0.00 0.00 
According to the approach described by Pyrz et al. [20], nearly 100% of the M1-Ta 
HT(0.12) and HT(0.15) would have S2-S4-S4-S7-S7 centers containing less than 3V cations, while 
only 80% of M1-Ta HT(0.09) would have such compositions. However, no clear correlation was 
observed between the observed maximum selectivity to ACN and the probability of finding less 
than 3 V cations in the proposed catalytic center (S2-S4-S4-S7-S7). In conclusion, we could not 
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find the relationship between the QSTEM-based metal distributions of the MoVTeTaO M1 phase 
catalysts and their catalytic performance employing the approach of Pyrz et al. [20]. 
4.3.2.3 New probability models of propane ammoxidation over MoVTeTaO M1 phase catalysts  
In Chapter 2, we proposed and examined three probability models (Models 1-3) to correlate 
the metal site occupancies in the MoVTeTaO M1 phases with their catalytic behavior in propane 
ammoxidation. Model 1 was modified based on the ORIG-1 model proposed by Grasselli et al. 
[30]. In Model 1, the vanadium 4+ and 5+ oxidation states were considered on the basis of the 
recent study of Li et al. [31] where they suggested that only linking sites S3, S4, and S7 contained 
V5+, while S2 contained V4+. Furthermore, recent theoretical DFT studies from our group also 
supported the view that S2 contains V4+ [32-35]. These findings suggested that vanadium present 
in S2 might be inactive due to its 4+ oxidation state, while vanadium in S3 can activate propane 
due to its 5+ oxidation state. Therefore, S2 was replaced by S3 in the new catalytic center (S3-S4-
S4-S7-S7) in Model 1. Moreover, the absence of V5+ in the new center (S3-S4-S4-S7-S7) was 
considered to correspond to the lack of catalytic activity in this Model 1. The following 
assumptions were further made in order to calculate the probability of V5+ in the new S3-S4-S4-
S7-S7 center: (1) the isolated V5+ cations present in S3 only convert propane to propylene; (2) 
single V5+ cations in the S4-S4-S7-S7 catalytic center convert not only propane to propylene, but 
also the propylene intermediate further to ACN; (3) the presence of more than two V5+ cations in 
the S4-S4-S7-S7 is responsible for combustion activity. First assumption that an isolated V5+ in S3 
can only produce propylene was made on the basis of recent studies of Grasselli et al. [29, 36] who 
proposed that a propylene forming site only needed a single V5+ adjacent to a Te4+, while the ACN 
forming sites needed V5+ adjacent to a Te4+ as well as a pair of vicinal Mo6+ sites. Site 3 meets the 
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requirement for a propylene-forming site, but does not meet the requirements as an ACN forming 
site due to the lack of a pair of vicinal Mo6+. 
Table 4.4. The sums of probabilities for cases that are assumed to form only propylene and ACN 






selectivity to ACN, % 
M1-Ta HT(0.09) 0.20 0.42 0.48 
M1-Ta HT(0.12) 0.16 0.42 0.61 
M1-Ta HT(0.15) 0.23 0.34 0.55 
M1-Ta MW 0.19 0.43 0.55 
M1-Ta HT(P) 0.20 0.30 0.56 
* calculated as 100% ×Σ selective centers to ACN/Σ [selective centers to ACN + waste centers]. 
It is assumed that all propylene, formed from the selective centers to ACN, is converted to ACN. 
 
Based on these assumptions, the probabilities of 0-1 V5+ in S3 and 0-4 V5+ in the S4-S4-
S7-S7 center were calculated (Table 4.1 of Supporting Information). According to our assumptions 
stated above, cases 1 and 5 shown in Table 4.1 of Supporting Information were considered to be 
only selective for propylene formation, while cases 2 and 3 were regarded to be selective for both 
propylene and acrylonitrile. As a result, the sums of probabilities for cases 1 and 5, assumed to 
form only propylene, and for cases 2 and 3, assumed to form both propylene and ACN, for the 
MoVTeTaO M1 phases are shown in Table 4.4. The predicted maximum selectivities to ACN for 
all MoVTeTaO M1 phase catalysts, calculated by the method of Grasselli et al. [30], were also 
listed in Table 4.4. For example, the predicted maximum selectivity for M1-Ta HT(0.12) was 
calculated as 0.42/(0.42+0.35) × 100%. It is important to note that the predicted maximum 
selectivities shown in Table 4.4 were calculated based on another assumption that propylene 
formed over the S4-S4-S7-S7 center is completely converted to ACN. Assuming 100% propane 
conversion over M1 phase catalysts, the maximum theoretical ACN yield is in the range of 50 ~ 
60 mol. %, which is similar to the expected maximum yield of ACN (59 mol. %) based on the 
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REV-2 model proposed by Grasselli et al. [29] for propane ammoxidation over the MoVTeNbO 
M1 phase. The range of the maximum theoretical acrylonitrile yield (50 ~ 60 mol. %) predicted 
by Model 1 is in good agreement with the highest yield of acrylonitrile (43 ~ 52 mol. %) observed 
experimentally for propane ammoxidation over the MoVTeNbO M1 phase catalyst, structurally 
similar to MoVTeTaO M1 phase [37, 38].  
 To illustrate this point further for Model 1, the combined yield of propylene and ACN was 
plotted in Figure 4.1 as a function of the probability of finding 1-2 V5+ cations in the newly 
proposed S3-S4-S4-S7-S7 center, since an isolated V5+ in S3 can only activate propane to 
propylene, while a single V5+ in S4-S4-S7-S7 not only converts propane to propylene but also 
propylene to ACN according to Model 1. A correlation between the probability of finding 1-2 V5+ 
in the newly proposed S3-S4-S4-S7-S7 center and the combined yield of propylene and ACN was 
observed (Figure 4.1). It is important to note that this correlation was not observed in Chapter 2. 
This result suggested that the vanadium in S3 may activate propane because of its 5+ oxidation 
state suggested by the earlier findings of Li et al. [31]. This result also suggested that the predictive 
ability of Model 1 reported in Chapter 2 suffered from the limited accuracy of metal occupancies 




Figure 4.1. Combined yield of propylene and acrylonitrile, Y(C3H6+ACN), as a function of 
probability of 1-2 V5+ in the newly proposed catalytic center (S3-S4-S4-S7-S7) of MoVTeTaO 
M1 phase catalysts in propane ammoxidation; Reaction conditions: C3H8:NH3:O2:He = 
5.7:8.6:17.1:68.6 (%); total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction temperature: 693 K. 
 
Figure 4.2. Reaction rate constants of propane consumption, k”ab, vs. probability of 1-2 V5+ in the 
newly proposed catalytic center (S3-S4-S4-S7-S7) of MoVTeTaO M1 phase catalysts in propane 
ammoxidation; Reaction conditions: C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 
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In Chapter 2, we described a correlation between the propane consumption rate constants, 
k”, for the MoVTeTaO M1 phases and the total V content in the catalytic center (S2-S4-S4-S7-
S7), when k” was normalized to the surface ab plane areas of these M1 phases estimated by the 
statistical size analysis of M1 phase crystals in their SEM images to yield k”ab. We further explored 
the relationship between k”ab for the MoVTeTaO M1 phase catalysts and the probability of finding 
1-2 V5+ in the newly proposed catalytic center (S3-S4-S4-S7-S7). It is also important to note that 
propane consumption over the MoVTeTaO M1 phase catalysts during its ammoxidation was 
assumed to be a first-order irreversible reaction for a plug flow reaction model [39, 40]. This 
assumption was confirmed by straight line fits observed for the Arrhenius plots of the first-order 
irreversible reaction rate constant for propane consumption, k”, for MoVTeTaO M1 phase 
catalysts reported in Chapter 2. In addition, the activation energies determined from these 
Arrhenius plots were also consistent with the activation energy reported in the previous study of 
propane ammoxidation over a MoVTeNbO M1 phase [39].  
The reaction rate constants, k”ab , of the MoVTeTaO M1 phase catalysts were plotted 
against the probability of 1-2 V5+ in the S3-S4-S4-S7-S7 center in Figure 4.2, which showed the 
general trend of increasing k”ab along with P(1-2 V5+) in the S3-S4-S4-S7-S7 center. Therefore, it 
was concluded that Model 1 could predict catalytic performance of the MoVTeTaO M1 phase 
catalysts in propane ammoxidation to ACN based on their metal distributions determined by the 
QSTEM-based HAADF-STEM image analysis.   
Although Model 1 showed the importance of V distributions in the new catalytic center 
(S3-S4-S4-S7-S7) for predicting the catalytic behavior of the MoVTeTaO M1 phase catalysts in 
propane ammoxidation above, it did not probe the importance of the total V content in the S2-S4-
S4-S7-S7 center of the M1 phase for the catalytic activity and selectivity in propane ammoxidation. 
133 
 
Recently, Naraschewski et al. [41, 42] showed the existence of a linear relationship between the 
initial rate of propane conversion and the total V content in MoVTeNbO catalysts during propane 
oxidation to acrylic acid. Similarly, Model 2 reported in Chapter 2 demonstrated the existence of 
a correlation between the yield of ACN during propane ammoxidation over the MoVTeTaO M1 
phase catalysts and the total V content in the S2-S4-S4-S7-S7 center. However, the V content in 
the S2-S4-S4-S7-S7 center employed in Chapter 2 was determined by the Z2-based HAADF-
STEM image analysis, which is characterized by limited accuracy as compared to the QSTEM-
based method. Therefore, it is necessary to revisit Model 2 employing accurate metal distributions 
determined by the QSTEM-based HAADF-STEM image analysis. The yield of ACN was plotted 
in Figure 4.3 as a function of total V content in the catalytic center (S2-S4-S4-S7-S7) determined 
by the QSTEM-based HAADF-STEM image analysis. We observed a correlation between the 
yield of ACN and the total V content in the catalytic center (S2-S4-S4-S7-S7) of the MoVTeTaO 
M1 phase catalysts. This correlation is similar to that observed in Chapter 2 except that the outlier 
in this case is M1-Ta MW, which is discussed further below.  
We further attempted to establish the relationship between the Mo/V distributions of the 
MoVTeTaO M1 phase catalysts and their propane consumption activity. The reaction rate 
constants of propane consumption, k”ab , of the MoVTeTaO M1 phase catalysts were plotted 
against the total V content in the S2-S4-S4-S7-S7 center in Figure 4.4. The reaction rate constant, 
k”ab , was found to increase with the total V content in the S2-S4-S4-S7-S7 center of M1 phase 
catalysts (Figure 4.4), with one exception of M1-Ta MW, which is discussed further below. This 
observation is consistent with the results of recent studies that showed a linear relationship between 
the initial rate of propane consumption and the bulk vanadium content of the MoVTeNbO M1 




Figure 4.3 Yield of acrylonitrile, Y(ACN), as a function of total V content in the catalytic center 
(S2-S4-S4-S7-S7) of MoVTeTaO M1 phase catalysts in propane ammoxidation; Reaction 
conditions: C3H8:NH3:O2:He=5.7:8.6:17.1:68.6 (%); total flow rate, 26.3 mL•min-1; 0.2 g catalyst; 
reaction temperature: 693 K. 
Model 2 indicated a correlation between the yield of ACN and the total V content in the 
catalytic center of M1 phase (Figure 4.3) and a correlation between the reaction rate constant, k”ab, 
and the total V content in the catalytic center of M1 phase (Figure 4.4). Interestingly, the outlier 
observed in this study is M1-Ta MW for both correlations mentioned above, while the outlier in 
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Figure 4.4. Reaction rate constants of propane consumption, k”ab, normalized to the estimated ab 
planes surface area vs. total V content in the catalytic center (S2-S4-S4-S7-S7) of MoVTeTaO M1 
phase catalysts in propane ammoxidation; Reaction conditions: 
C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 mL•min-10.2 g catalyst; reaction 
temperature: 693 K. 
We observed the change of the outlier catalyst from M1-Ta HT(P) to M1-Ta MW when 
Model 1 and 2 were explored using the metal site occupancies determined by the QSTEM-based 
HAADF-STEM image analysis. Therefore, we also re-examined Model 3, which showed in 
Chapter 2 a tentative correlation between the probability of finding more than 2 V cations, P(V>2), 
in the S2-S4-S4-S7-S7 center and their catalytic reactivity during propane ammoxidation. 
Model 3 was proposed on the basis of previous studies where multiple surface V cations 
present in the M1 phase and other vanadium-based catalysts were indicated to be more active 
towards propane than isolated V cations [41-46]. Indeed, an earlier experimental study of propane 
oxidation to acrylic acid combined with chemical probe chemisorption and low energy ion 
scattering (LEIS) demonstrated that multiple VOx sites present in M1 phases were more efficient 
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than one V cations present in the S2-S4-S4-S7-S7 center may be associated with high reactivity in 
propane ammoxidation. In Model 3, the catalytic reactivity in propane ammoxidation was 
correlated with: (1) P(V=2), the probability of 2 V cations in the catalytic center; (2) 
P(V=2)+P(V=3), the probability of 2-3 V cations in the catalytic center; (3) 
P(V=2)+(V=3)+P(V=4), the probability of 2-4 V cations in the catalytic center. The probability of 
5 V cations in the catalytic center is theoretically possible, but since the P(V=5) is less than 0.1 for 
all MoVTeTaO M1 phase catalysts, this case was not considered in this study.  
The probabilities of P(V>2) according to three different cases mentioned above are 
reported in Table 4.5. The probabilities of V for P(V=2), P(V=2)+P(V=3), and 
P(V=2)+(V=3)+P(V=4) for all MoVTeTaO M1 phase catalysts are plotted against the yield of 
ACN in Figure 4.5. The increase of ACN yield with increasing P(V>2) in the catalytic center was 
observed in Figure 4.5 except for M1-Ta MW. Furthermore, the reaction rate constants, k”ab, 
normalized to the geometric estimates of surface ab plane areas (Table 2.11 of Supporting 
Information in Chapter 2) were plotted against the P(V>2) in the S2-S4-S4-S7-S7 center (Figure 
4.6). A correlation between k”ab and the probabilities of V>2 in S2-S4-S4-S7-S7 center was 
observed in Figure 4.6, further supporting the view that multiple VOx redox sites present in the 
surface ab planes of the M1 phase are more active in propane (amm)oxidation [43, 44, 47]. 
Table 4.5. The probability of the number of V cations in proposed catalytic center (S2-S4-S4-












Case 1) P(V=2) 0.34 0.21 0.15 0.29 0.12 
Case 2) P(V=2)+P(V=3) 0.51 0.26 0.18 0.40 0.14 
Case 2) 
P(V=2)+P(V=3)+P(V=4) 





Figure 4.5. Yield of acrylonitrile, Y(ACN), as a function of probability of V>2 in the catalytic 
center (S2-S4-S4-S7-S7) of MoVTeTaO M1 phase catalysts in propane ammoxidation; Reaction 
conditions: C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 mL•min-1; 0.2 g catalyst; 
reaction temperature: 693 K. 
 
 
Figure 4.6. Reaction rate constants, k”ab , based on the estimated ab planes surface area plotted as 
a function of probability of V>2 in the catalytic center (S2-S4-S4-S7-S7) of MoVTeTaO M1 phase 
catalysts in propane ammoxidation; Reaction conditions: C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; 











































Case 1) P(V=2) Case 2) P(V=2)+P(V=3) Case 3) P(V=2)+P(V=3)+P(V=4)
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However, Models 1-3 employed in this study revealed the same outlier, i.e., M1-Ta MW, 
when they were applied to predict the catalytic behavior on the basis of metal distributions 
determined by the QSTEM-based HAADF-STEM image analysis. The outlier nature of M1-Ta 
MW might be understood in terms of its crystallinity. As described in the experiment section, M1-
Ta HT (0.09, 0.12, and 0.15) and HT(P) were prepared by the same hydrothermal (HT) synthesis 
method, while the M1-Ta MW, the outlier in this study, was prepared by microwave-assisted 
(MW) synthesis method. It is well known that synthesis methods can have a significant impact on 
the chemical composition and catalytic properties of mixed metal oxide catalysts. Furthermore, 
heat transfer, wall effects, homogeneity, and crystallization behavior during synthesis are 
significantly affected by such experimental parameters as the wall material, vessel size, the type 
of a stirring system, oven heating and cooling programming, etc. [48]. There are many crucial 
differences between these experimental parameters for HT and MW synthesis methods. For 
instance, the MW method took 2 h for the synthesis of the M1 phase catalysts, while HT method 
took 48 h for the M1 phase catalysts. In the case of HT synthesis, once the oven reached the target 
temperature of 448 K, it was maintained for 48 h within ± 5 K. Unlike HT synthesis method, 
synthesis temperature for MW method is controlled by the microwave-accelerated MARS 5 
reaction system (CEM, USA) depending on the signal of a temperature probe located inside a 
sealed teflon tube. The significant temperature fluctutations (± 20 K) were observed during entire 
MW synthesis. We believe that these differences had a pronounced impact on the crystallinity of 
M1 phase catalysts prepared by HT and MW, thereby resulting in different catalytic behaviors.   
Moreover, this hypthesis is further supported by the recent findings of Sanfiz et al. [48] 
who prepared MoVTeNbO M1 phases by the HT method and investigated the influence of various 
synthesis parameters on the structure and morphology of MoVTeNbO M1 phases. They 
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demostrated that synthesis temperature and time are very crucial parameters to form a pure M1 
phase. Both lower synthesis temperatures and shorter synthesis times resulted in more extensive 
formation of the M2 phase as well as other impurity phases, e.g., Mo5O14, V0.95Mo0.97O5, and 
TeMo5O16. These latter impuries are known to be inactive for propane ammoxidation, but unlike 
the M2 phase, and they cannot removed by the H2O2 treatment. Similar to the findings of Sanfiz 
et al. [48], we also detected much greater levels of various impurity phases in M1-Ta MW as 
compared to MoVTeTaO M1 phases made by the HT method. 
 
Figure 4.7. SEM images of M1-Ta catalysts; a) M1-Ta HT(0.12), b) M1-Ta MW, c) M1-Ta 
HT(P). 
 The presence of impurity phases in M1-Ta MW is suggested by its representative SEM 
image shown together with those of the M1-Ta HT(0.12) and M1-Ta HT(P) in Figure 4.7. Unlike 
M1-Ta HT(0.12) and M1-Ta HT(P) that show the presence of typical rod-shaped M1 crystals, a 
heterogeneous mixture of different crystal morphologies is observed in the SEM image of the M1-
Ta MW. Furthermore, the presence of impurity phases in the M1-Ta (MW) was further suggested 
by its XRD pattern, which is shown in Figure 4.8 along with that of M1-Ta HT(0.12). 




Figure 4.8. Enlarged area of 2Θ from 22 to 38 in the XRD patterns of M1-Ta HT(0.12) (blue) and 
M1-Ta MW(red); ▲M1 phase, ■ (V0.07Mo0.93)5O14. 
  
Although both M1-Ta HT(0.12) and M1-Ta MW showed the presence of M1 as the 
dominant phase  in Figure 4.8,  the XRD pattern of the M1-Ta (MW) showed the presence of 
additional peaks at 23.5, 24.7, and 31.5o 2Θ corresponding to (V0.07Mo0.93)5O14 (PDF 00-031-
1437). We further compared the intensities of main peaks of this impurity phase at 23.5, 24.7, 
and 31.5o 2Θ for M1-Ta HT(0.12) and M1-Ta MW. These peaks were approximately twice as 
intense for M1-Ta MW than M1-Ta HT(0.12) further suggesting that M1-Ta MW contained 
more (V0.07Mo0.93)5O14 impurity proposed to be responsible for the poor catalytic performance of 





In this study, the accurate metal distributions of the MoVTeTaO M1 phase catalysts 
determined by the QSTEM-based HAADF-STEM image analysis were employed to validate 
several probability models described previously in Chapter 2, where these models were 
investigated based on the metal distributions determined by the Z2-based HAADF-STEM image 
analysis.  
The correlations between the QSTEM-based Mo/V distributions in MoVTeTaO M1 phase 
catalysts and their catalytic behavior in propane ammoxidation was proposed on the basis of Model 
1 (the probability of finding 1-2 V5+ in the S3-S4-S4-S7-S7 center), Model 2 (the total V content 
in the S2-S4-S4-S7-S7 center), and Model 3 (the probability of finding V over 2 in the S2-S4-S4-
S7-S7 center). Specifically, the ACN yield and 1st order irreversible reaction rate constants for 
propane consumption normalized to the ab plane areas, k”ab, correlated with (1) the probability of 
1-2 V5+ in the S3-S4-S4-S7-S7 center (Model 1); (2) total V content in the S2-S4-S4-S7-S7 center 
(Model 2); and (3) the probability of more than 2 V cations in the S2-S4-S4-S7-S7 center (Model 
3). The observed relationship between the probability of finding 1-2 V5+ cations in the S3-S4-S4-
S7-S7 center of M1 phase and its catalytic behavior according to Model 1 suggest that V5+ in S3 
may also be an active site for propane activation. The correlations observed from Model 2 and 3 
emphasized the importance of total V content (Model 2) and multiple VOx sites (Model 3) in the 
S2-S4-S4-S7-S7 center for the catalytic activity and selectivity in propane ammoxidation. 
Moreover, the fundamental relationships elucidated in this study are promising for the 
development of general rules of rational design of improved mixed metal oxide catalysts for 
propane ammoxidation and other selective oxidation reactions.  
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In Chapter 4, we successfully correlated the catalytic behavior of the MoVTeTaO M1 
phase catalysts with accurate Mo/V distributions determined by the QSTEM-based HAADF-
STEM image analysis for Model 1-3, which were first discussed in Chapter 2. However, several 
fundamental questions related to the nature of the reactivity of these mixed metal oxide catalysts 
for propane ammoxidation still remain open. One of these questions is related to the role of M2 
phase when it is present as a significant impurity together with the M1 phase. The M1 phase was 
proposed to be responsible for propane activation and its selective transformation to ACN, while 
the M2 phase was proposed to play a secondary role by converting excessive propylene 
intermediate formed over the M1 phase to ACN. A significant improvement of ACN yield in 
propane ammoxidation was observed when MoVTeNbO M1 and M2 phase crystals were 
intimately mixed, and the improvement of ACN yield was explained by a higher rate of propylene 
intermediate ammoxidation over the M2 phase as compared to the M1 phase [49]. However, this 
so-called phase cooperation effect between the M1 and M2 phases was not observed for the 
MoVSbNbO system, although this system is structurally similar to MoVTeNb(Ta)O system [50]. 
In addition, very little was reported about the role of M2 phase for the MoVSbO system, while the 
M1/M2 phase cooperation has not been investigated for the other M1/M2 compositional variants, 
which are also expected to be active and selective in propane ammoxidation. Accordingly, in the 
next chapter, we report a systematic investigation of phase cooperation of all compositional 
MoV(Te,Sb)(Nb,Ta)O M1 and M2 variants in propane and propylene ammoxidation to ACN, 
including the new MoVSbTaO M1/M2 system, which exploratory synthesis and characterization 
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4.7. Supporting Information for Chapter 4 
Table S4.1. Probabilities (P) of finding 0-4 V5+ cations in the newly proposed catalytic 
center (S3-S4-S4-S7-S7) for MoVTeTaO M1 phase catalysts 
Case 1 Catalyst P(V5+=1) in S3 P(V5+=0) in S4-S4-S7-S7 
  M1-Ta HT(0.09) 0.35 0.20 
  M1-Ta HT(0.12) 0.27 0.43 
  M1-Ta HT(0.15) 0.34 0.59 
  M1-Ta MW 0.33 0.34 
  M1-Ta HT(P) 0.28 0.65 
Case 2 Catalyst P(V5+=0) in S3 P(V5+=1) in S4-S4-S7-S7 
  M1-Ta HT(0.09) 0.65 0.42 
  M1-Ta HT(0.12) 0.73 0.42 
  M1-Ta HT(0.15) 0.66 0.34 
  M1-Ta MW 0.67 0.43 
  M1-Ta HT(P) 0.72 0.30 
Case 3 Catalyst P(V5+=1) in S3 P(V5+=1) in S4-S4-S7-S7 
  M1-Ta HT(0.09) 0.35 0.42 
  M1-Ta HT(0.12) 0.27 0.42 
  M1-Ta HT(0.15) 0.34 0.34 
  M1-Ta MW 0.33 0.43 
  M1-Ta HT(P) 0.28 0.30 
Case 4 Catalyst P(V5+=0) in S3 P(V5+>1) in S4-S4-S7-S7 
  M1-Ta HT(0.09) 0.65 0.38 
  M1-Ta HT(0.12) 0.73 0.15 
  M1-Ta HT(0.15) 0.66 0.08 
  M1-Ta MW 0.67 0.23 
  M1-Ta HT(P) 0.72 0.05 
Case 5 Catalyst P(V5+=1) in S3 P(V5+>1) in S4-S4-S7-S7 
  M1-Ta HT(0.09) 0.35 0.38 
  M1-Ta HT(0.12) 0.27 0.15 
  M1-Ta HT(0.15) 0.34 0.08 
  M1-Ta MW 0.33 0.23 
  M1-Ta HT(P) 0.28 0.05 
Case 6 Catalyst P(V5+=0) in S3 P(V5+=0) in S4-S4-S7-S7 
  M1-Ta HT(0.09) 0.65 0.20 
  M1-Ta HT(0.12) 0.73 0.43 
  M1-Ta HT(0.15) 0.66 0.59 
  M1-Ta MW 0.67 0.34 




Chapter 5. A study of M1/M2 phase cooperation in the MoV(Te,Sb)(Nb,Ta)O 
catalysts for propane ammoxidation to acrylonitrile 
5.1. Introduction 
Replacement of olefins and aromatics feedstocks employed in selective oxidation 
processes by natural gas-based alkanes that are more environmentally friendly, abundant, and 
cheaper has received significant attention of the catalysis community in recent decades [1-6]. The 
ammoxidation of propane to acrylonitrile (ACN) is of particular interest as a possible alternative 
to the current industrial process of propylene ammoxidation providing a high-volume ACN 
intermediate for the manufacture of synthetic fibers, resins and rubbers [7-9]. Among different 
catalytic systems being investigated by academic and industrial research groups for one-step 
propane ammoxidation, the most promising system is the Mo-V-M (M=a combination of Nb, Te, 
Sb, and Ta) mixed metal oxide containing so-called M1 and M2 phases [6, 10-19]. 
The MoVTeNbO M1 phase was proposed to be responsible for propane activation and its 
selective transformation to ACN, while the MoVTeNbO M2 phase was proposed to play a 
secondary role by converting excess propylene intermediate that forms over the M1 surface into 
ACN [20, 21]. The M1 phase is capable of both propane oxidation to acrylic acid and propane 
ammoxidation to ACN, which were proposed to occur via the propylene intermediate [20, 22, 23]. 
While only the M1 phase is active and selective in propane (amm)oxidation, the presence of the 
M2 phase was proposed to improve the selectivity to acrylic acid [22] and the selectivity to ACN 
in propane (amm)oxidation [24]. The improvement in the ACN yield as a result of the MoVTeNbO 
M1 and M2 phase cooperation, or their synergy, was claimed in several studies [2, 19, 20, 24-26]. 
This synergy effect was explained by the migration of propylene intermediate formed over the 
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surface of the M1 to the M2 phase where propylene is quickly transformed further to ACN [20]. 
Grasselli et al. [20] found that the synergy effect was only observed when the M1 and M2 phases, 
prepared separately, were ground to particle size < 5 μm and then intimately mixed. The synergy 
effect was also claimed for propane oxidation to acrylic acid when the M1 and M2 phases were 
prepared independently and then physically mixed [22]. Two possible causes of the synergy effect 
in the oxidation of propane to acrylic acid were proposed by Baca et al. [22]: 1) highly efficient 
conversion of propylene desorbed from the M1 phase into acrylic acid over the M2 phase; 2) the 
migration of Te from the M2 phase to the surface of the M1 phase, thus maintaining the Te 
concentration on the surface of the M1 which decreases during the reaction.  
However, the existence of synergy effect in propane (amm)oxidation is still under debate 
in other chemical compositions, i.e., MoVSbNbO, MoVSbTaO, MoVSbO. For example, it was 
proposed that the synergy effect is not observed for propane oxidation over the MoVSb(Nb)O M1 
and M2 phases [22, 27], whereas the MoVSbO M2 phase showed poor selectivity toward acrylic 
acid contrary to that found for the MoVTeNbO system. Furthermore, the MoVSb(Nb, Ta)O M1 
and M2 phases have not been investigated for propane ammoxidation reaction.  
Therefore, the first major objective of this study was to conduct a systematic investigation 
of catalytic reactivity of all compositional M1 and M2 phase variants as pure phases in propane 
and propylene ammoxidation, including exploratory synthesis and characterization of a completely 
new MoVSbTaO system. The second major objective of this study was to probe the existence of 
the synergy effect for all MoV(Te,Sb)(Nb,Ta)O M1/M2 phase mixtures in propane ammoxidation 
to ACN. To accomplish these objectives, we prepared well-defined M1 and M2 phases of 
MoVTeNbO, MoVTeTaO, MoVSbNbO, MoVSbTaO, and MoVSbO compositions employing 
hydrothermal (HT) and slurry evaporation (SE) synthesis methods. The pure M1, pure M2, M1/M2 
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physical mixtures, and as-synthesized catalysts of the MoVTeNbO, MoVTeTaO, MoVSbNbO, 
MoVSbTaO, and MoVSbO compositions were obtained and investigated in both propane and 
propylene ammoxidation to ACN. 
5.2. Experimental 
5.2.1 Catalyst synthesis 
The MoVTeNbO catalyst with the synthesis molar ratios of the Mo:V:Te:Nb = 
1:0.3:0.17:0.12 was prepared by HT method at 448 K for 48 h [23]. Ammonium molybdate (Alfa 
Aesar, 81-83% as MoO3), vanadyl sulphate (Alfa Aesar, 99.9%), telluric acid (Alfa Aesar, 99%) 
and niobium (V) oxalate hexahydrate (Alfa Aesar) were used as the sources of respective elements. 
After hydrothermal synthesis, the catalyst precursors obtained were filtered, washed and dried at 
353 K overnight. The dry precursors obtained were calcined under ultra-high purity nitrogen flow 
(50 ml/min) at 873 K for 2 h and ground using a mortar and pestle for 10 min to yield the as-
synthesized MoVTeNbO catalyst.  
The details of the synthesis procedures of as-synthesized MoVTeTaO catalyst by HT 
method were described in the experimental section of Chapter 2.  
The MoVTeNb(Ta)O M2 phase catalysts were prepared by SE method at the synthesis 
ratio of Mo:V:Te:Nb(Ta) = 1.00:0.31(0.3):0.27(0.37):0.08(0.06) as reported previously [25].  
The selective dissolution of the MoVTe(Nb,Ta)O M2 phase was carried out by stirring the 
calcined as-synthesized MoVTe(Nb,Ta)O catalysts in the aqueous 30% H2O2 for 3 h at room 
temperature [28]. The resulting suspensions of the pure M1 phases were filtered, washed with 
distilled water (200 ml) and dried overnight at 353 K. 
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The MoVSbNbO and MoVSbTaO catalysts with synthesis molar ratios of the 
Mo:V:Sb:Nb(Ta)=1:0.3:0.15:0.1(0.1) were prepared by slurry evaporation as previously reported 
[29], but the synthesis conditions for the new MoVSbTaO system are reported in this study for the 
very first time. In the case of the MoVSbNb(Ta) M2 phase, the synthesis molar ratios of the 
Mo:V:Sb:Nb(Ta) were 1:0.33(0.3):0.3:0.1(0.1). Ammonium paramolybdate, metavanadate, and 
antimony trioxide were added to 45 ml of distilled water and reflexed at 363 K for 8 h. Then 
hydrogen peroxide (30%) was added until the black opaque suspension turned into a transparent 
orange solution. A second solution for the Sb/Nb and Sb/Ta systems was prepared by dissolving 
hydrated niobium oxide (supplied by CBMM) or tantalum (V) ethoxide, (Alfa Aesar) in aqueous 
solution of oxalic acid. In the case of the Sb/Ta system, hydrogen peroxide (30%) was not added. 
The second solution containing the niobium or tantalum source was added to the first solution 
mixture of the molybdenum, vanadium, and antimony sources, and the resulting solution was 
stirred for 10 min. The slurry was dried overnight at 483 K. The dry precursors were first calcined 
under air at 573 K for 4 h and then under ultra-high purity nitrogen flow (50 ml/min) at 873 K for 
2 h. After calcination, the catalysts were ground using a mortar and pestle for 10 min to yield as-
synthesized MoVSb(Nb,Ta)O catalysts.  
The selective dissolution of the M2 phase was carried out by adding the aqueous hydrogen 
peroxide solution (6% H2O2) into the flask filled with the calcined catalysts and stirring for 3 h [5]. 
The suspension was filtered, washed with distilled water (200 ml) and dried overnight at 353K to 
yield the pure MoVSb(Nb,Ta)O M1 phases. 
The as-synthesized MoVSbO catalyst was prepared by HT synthesis method as previously 
reported [27], but the synthesis conditions were slightly modified as describe below. Ammonium 
paramolybdate (Alfa Aesar, 81-83% as MoO3), vanadyl (Ⅳ) sulfate (Alfa Aesar, 99.9%), and 
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antimony(III) sulfate (Pro Chem, 97%,) at a Mo:V:Sb atomic ratio of 1:0.34:0.17 were stirred for 
30 min in 30 ml of water. The slurry was transferred into the Teflon inner tube of a stainless steel 
autoclave, which was sealed and heated at 448 K for 48 h. After the hydrothermal reaction, the 
slurry was filtered, washed with distilled water (200 ml) and dried overnight at 353 K. The dry 
powdered catalyst was first calcined under air at 573 K for 20 min and then under ultra-high purity 
nitrogen flow (50 ml/min) at 773 K for 2 h. After calcination, the catalysts were ground using a 
mortar and pestle for 10 min. The dissolution of the M2 phase was carried out by adding aqueous 
hydrogen peroxide solution (6% H2O2) to the calcined catalysts and stirring for 3 h [28]. The 
suspension was filtered, washed with distilled water (200 ml) and dried overnight at 353K to yield 
the pure MoVSbO M1 phase. 
The MoVSbO M2 phase catalyst was prepared by the slurry evaporation (SE) method at 
the synthesis ratio of Mo:V:Sb = 1:0.5:0.5 as previously reported [27]. The slurry was dried 
overnight at 483K. The dry powdered MoVSbO M2 phase catalyst was calcined under ultra-high 
purity nitrogen flow (50 ml/min) at 773 for 2 h before the reaction tests.  
Four kinds of catalysts were prepared to probe the nature of the synergy effect in propane 
ammoxidation: pure M1, pure M2, physical M1/M2 mixtures, and as-synthesized catalysts 
containing M1/M2 intergrowths. The M1 phase was obtained after the hydrogen peroxide 
treatment of the calcined as-synthesized catalyst. Physical mixtures of the M1 and M2 phases were 
obtained by mechanically mixing the respective M1 and M2 phases in a 1:1 mass ratio and grinding 
them with a mortar and pestle for 10 min. The physical M1 and M2 phase mixtures were denoted 
as the M1/M2.  
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5.2.2 Powder XRD 
Powder X-ray diffraction was recorded by a Siemens D500 diffractometer with Cu Ka 
radiation (tube voltage: 45kV, tube current: 40 mA) 
5.2.3 Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) analysis 
SEM and EDS analysis were conducted at the Advanced Materials Characterization Center 
at the University of Cincinnati. SEM (FEI/Philips XL 30 FEG ESEM) has a resolution of 3.5 nm 
at 30 kV and is equipped with the Energy Dispersive X-ray Analyzer from EDAX. 
5.2.4 ICP-MS elemental analysis 
 
Elemental analysis was performed on an Agilent 7700 Inductively Coupled Plasma Mass 
Spectrometer (Agilent Technologies, Santa Clara, CA). Calibration curves were examined both 
with and without the use of collision cell (pressurized with He, 3 ml min-1). However, no 
significant differences were noted and all data reported was acquired in no gas mode. Major 
isotopes of all analytes of interest were measured; quantitation was performed on the highest that 
contained no isobaric overlap with neighboring elements. Samples were introduced with Agilent 




Table 5.1. ICP-MS operating conditions. 
Plasma gas 
Carrier gas 





Nebulizer Pump  
Spray chamber temperature 
Make up gas flow rate 



















5.2.5 Reagents and standards 
 
Calibration standards were purchased as 10 mg/L mixtures of Nb, Mo and Ta amongst 
other elements from Agilent Technologies (Agilent Technologies, Santa Clara, CA) and Spex 
CertiPrep (Spex CertiPrep, Metuchen, NJ). 1000 mg/L Specpure® standards for V and Te were 
purchased from Alfa Aesar (Alfa Aesar, Ward Hill, MA). Calibration standards were prepared by 
appropriate dilution of these standards with trace metal grade nitric acid (Fisher Scientific, 
Waltham, MA). Hydrogen peroxide, 30% was also used (Fisher Scientific, Waltham, MA). The 
MoVTe(Nb,Ta)O M1 phases (20 mg) were digested for 3 days at room temperature in a mixture 





 5.2.6 Propane/propylene ammoxidation reaction 
 
The catalytic behavior of the MoV(Te,Sb)(Nb,Ta)O M1, M2, M1/M2, and as-synthesized 
catalysts prepared by SE and HT synthesis methods was investigated in both propane and 
propylene ammoxidation using a fixed bed micro-reactor equipped with an on-line GC under 
steady-state conditions at atmospheric pressure and 613–733 K. Powdered catalysts after 
calcination were ground with the mortar and pestle for 10 min and diluted with quartz sand prior 
to the reaction tests. The diluted catalysts were introduced into the micro-reactor, heated to the 
desired temperature under He flow and exposed to the reaction feed. The feed was composed of 
C3H8 (C3H6)/NH3/O2/He in the molar ratio of 5.7(5.7):8.7:17.1:68.4 at the total flow rate of 26.3 
mL/min. The reactants and products were analyzed by an on-line GC system (Shimadzu 14A) 
equipped with a flame ionization detector and a thermal conductivity detector. The catalytic testing 
of the MoVTeTa(Nb) M1 phase catalysts was conducted for 48 ~ 72 h on stream for each catalyst 
during which these catalysts were structurally and thermally stable [30, 31]. The total carbon 
balances agreed within ±2%. 
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5.3. Results and Discussion  
5.3.1 Bulk characteristics of MoV(Te,Sb)(Nb,Ta)O M1, M2, M1/M2, and as-synthesized catalysts 
 
Figure 5.1. XRD patterns of the as-synthesized catalysts: a) MoVTeNbO HT; b) MoVTeTaO HT; 
c) MoVSbNbO SE; d) MoVSbTaO SE; e) MoVSbO HT. Symbols: (■) M1 phase; (▲) M2 phase. 
The MoV(Te,Sb)(Nb,Ta)O M1, M2, and as-synthesized catalysts were characterized with 
XRD. Figure 5.1 shows XRD pattern of the MoV(Te,Sb)(Nb,Ta)O as-synthesized catalysts made 
by HT and SE synthesis methods. The as-synthesized MoV(Te,Sb)(Nb,Ta)O catalysts contained 
both the M1 and M2 phases, and their ratios varied depending on the chemical composition and 
synthesis method. The M1/M2 ratios in the as-synthesized MoV(Te,Sb)(Nb,Ta)O catalysts were 
estimated based on the analysis of their X-ray diffraction patterns [22]. For the estimation of the 
M1/M2 ratios of the as-synthesized MoV(Te,Sb)(Nb,Ta)O catalysts, the pure MoVTeNbO M1 
and M2 phases, and three physical phase mixtures containing different mass fractions of the M1 
and M2 phases (M1:M2 of 1:3, 1:1, and 3:1) were characterized by XRD. The characteristic peak 
areas at 2Θ = 27.1o for the M1 phase and 2Θ = 36.1o for the M2 phase of all as-synthesized catalysts 




obtained was employed to estimate the M1 and M2 phase content in all as-synthesized catalysts 
shown in Table 5.2.  
Table 5.2. Elemental compositions, BET surface areas, and phase ratios of the 
MoV(Te,Sb)(Nb,Ta)O catalysts. 
Catalysts 







MoVTeNbO M1 HT 1.00/0.3/0.17/0.12 1/0.29/0.12/0.20 5.7 15.3  
MoVTeTaO M1 HT 1.00/0.31/0.22/0.12 1/0.32/0.17/0.33 4.3 14.1  
MoVSbNbO M1 SE 1.00/0.3/0.15/0.1 1/0.18/0.08/0.17 8 11.4  
MoVSbTaO M1 SE 1.00/0.3/0.15/0.1 1/0.34/0.12/0.19 5.7 8.5  
MoVSbO M1 HT 1.00/0.34/0.16 1.00/0.37/0.18 14 32.8  
MoVTeNbO M2SE 1.00/0.31/0.27/0.08 1/0.45/0.31/0.17 1.7   
MoVTeTaO M2 SE 1.00/0.3/0.37/0.06 1/0.4/0.35/0.28 2.1   
MoVSbNbO M2 SE 1.00/0.33/0.30/0.1 1/0.39/0.33/0.32 3.7   
MoVSbTaO M2 SE 1.00/0.3/0.3/0.1 1/0.32/0.33/0.29 4.7   
MoVSbO M2 SE 1.00/0.5/0.5 1.00/0.40/0.44 1.7   
MoVTeNbO M1/M2   10.2   
MoVTeTaO M1/M2   17.9   
MoVSbNbO M1/M2   11   
MoVSbTaO M1/M2   11.8   
MoVSbO M1/M2   16.2   
MoVTeNbO as-syn 1.00/0.3/0.17/0.12  11.2  0.75:0.25 
MoVTeTaO as-syn 1.00/0.31/0.22/0.12  15.1  0.48:0.52 
MoVSbNbO as-syn 1.00/0.3/0.15/0.1  6.7  0.50:0.50 
MoVSbTaO as-syn 1.00/0.3/0.15/0.1  4.6  0.71:0.29 
MoVSbO as-syn 1.00/0.34/0.16  14  0.43:0.57 
a Preparative composition in the slurry; b determined by EDS; c measured by BET method; HT (Hydrothermal); SE 
(Slurry evaporation); as-syn (as-synthesized). 
*M1:M2 mass ratios were estimated as described above. 
 
The XRD patterns of the MoV(Te,Sb)(Nb,Ta)O M1 phases, prepared by HT and SE 
methods, are shown in Figure 5.2. All MoV(Te,Sb)(Nb,Ta)O M1 phase catalysts were treated with 
hydrogen peroxide that selectively removed the M2 phase [28] as described in the experimental 
section. All of the M1 phase catalysts in Figure 5.2 shows a similar diffraction pattern exhibiting 
the characteristic peaks of the M1 phase at 2Θ=6.7, 7.8, 8.9, 22.1, 27.2, and 45° (PDF 01-073-
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7574) without any impurities. Figure 5.3 shows the XRD patterns of the MoV(Te,Sb)(Nb,Ta)O 
M2 phases. The XRD peaks at 2Θ=22, 28, 36, 45 and 50° correspond to those of the pure M2 




Figure 5.2. XRD patterns of the M1 phase catalysts: a) MoVTeNbO M1 HT; b) MoVTeTaO M1 





Figure 5.3. XRD patterns of the M2 phase catalysts: a) MoVTeNbO M2 SE; b) MoVTeTaO M2 
SE; c) MoVSbNbO M2 SE; d) MoVSbTaO M2 SE; e) MoVSbO M2 SE. Symbol: (▲) M2 phase. 
 
The morphology, crystal shape, and size of the MoV(Te,Sb)(Nb,Ta)O M1 and M2 phases 
were characterized with SEM. The SEM images of the MoV(Te,Sb)(Nb,Ta)O M1 phase catalysts 
in Figure 5.4 show the rod-like morphology regardless of synthesis methods employed and 
chemical compositions. It is important to note that the crystal morphology of the MoVSbNbO and 
MoVSbTaO M1 phases prepared by the SE method does not appear to be as ordered as that of the 
MoVTeNbO, MoVTeTaO, and MoVSbO M1 phases prepared by HT synthesis. This observation 
is consistent with the results of the previous study reported in Chapter 2 where the MoVTeTaO 
M1 catalysts made by the HT method showed highly ordered crystal morphology as compared to 
that made by the SE method. The crystal morphology of the M2 phases is different from that of 
the M1 phases (Figure 5.5). This result is in good agreement with the results of a previous study 
[25] where the M2 phase particles were found to have platelet morphology. It appeared that the 
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crystal morphology of the MoVSbO M2 phase is slightly different from that of other M2 phases 
(Figure 5.5). 
 
Figure 5.4. SEM images of the MoV(Te,Sb)(Nb,Ta)O M1 phase catalysts. 
 
Figure 5.5. SEM images of the MoV(Te,Sb)(Nb,Ta)O M2 phase catalysts. 
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5.3.2 Catalytic behavior of MoV(Te,Sb)(Nb,Ta)O M1 and M2 phase catalysts in propane and 
propylene ammoxidation 
5.3.2.1 MoV(Te,Sb)(Nb,Ta)O M1 phase catalysts 
Five M1 phase catalysts possessing the MoVTeNbO, MoVTeTaO, MoVSbNbO, 
MoVSbTaO, and MoVSbO compositions were tested in propane ammoxidation. The ACN 
selectivity of all MoV(Te,Sb)(Nb,Ta) M1 phase catalysts was plotted against propane conversion 
as a function of reaction temperature in Figure 5.6. As expected, the three-component MoVSbO 
M1 phase showed the lowest selectivity to ACN as compared to other four-component catalysts, 
i.e., MoVTeNbO, MoVTeTaO, MoVSbNbO, MoVSbTaO, thus confirming that the fourth 
component, Nb or Ta, enhances the selectivity to ACN in propane ammoxidation as reported  
previously [23, 25, 32]. Interestingly, the Ta-containing systems, the MoVTeTaO and newly 
reported MoVSbTaO M1 phases, showed even higher selectivities to ACN than the Nb-containing 
systems, the MoVTeNbO and MoVSbNbO M1 phases, at propane conversion < 20%. However, 
the MoVTeNbO M1 phase showed the superior selectivity to ACN for propane conversion > 30% 
(Figure 5.6). This finding is in a good agreement with the results of a previous study [23], where 
the MoVTeNbO M1 phase showed the highest ACN yield among the MoVO, MoVTeO, MoVSbO, 




Figure 5.6. Selectivity to ACN as a function of propane conversion over the 
MoV(Te,Sb)(Nb,Ta)O M1 phase catalysts in propane ammoxidation; Reaction conditions: 
C3H8:NH3:O2:He=5.7:8.6:17.1:68.6 (%); total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction 
temperature: 623-733 K.  
The kinetic studies of the MoV(Te,Sb)(Nb,Ta)O M1 phase catalysts were conducted in 
order to further understand their catalytic behavior in propane ammoxidation to ACN. According 
to previous kinetic studies of the MoVTeNbO M1 phase, the propane consumption over the 
MoVTeNbO M1 phase under propane ammoxidation conditions was found to be a first-order 
irreversible reaction [23, 33]. The kinetic studies of the MoVTeTaO M1 phase in propane 
ammoxidation reported in Chapter 2 supported this conclusion and suggested that all 
MoV(Te,Sb)(Nb,Ta)O M1 phase catalysts in propane ammoxidation would also follow the first-
order irreversible reaction kinetics. The linear nature of Arrhenius plots of the first-order 
irreversible reaction rate constant, k”(C3H8), for all MoV(Te,Sb)(Nb,Ta)O M1 phase catalysts 
shown in Figure 5.1 of Supporting Information confirmed that propane consumption over all 


































Figure 5.1 of Supporting Information further showed that the MoVTeNbO M1 phase is the 
most active catalyst, while the activity in propane ammoxidation reaction decreased in the 
following order: MoVTeNbO M1 > MoVSbO M1 > MoVSbNbO M1 > MoVTeTaO M1 > 
MoVSbTaO M1. The MoVTeTaO and MoVSbTaO M1 phases showed relatively higher 
selectivity to ACN than the MoVTeNbO and MoVSbNbO M1 phases (Figure 5.6), while the 
MoV(Te,Sb)TaO M1 phases were less active than the MoV(Te,Sb)Nb M1 phases (Figure 5.1 of 
Supporting Information). These findings clearly suggested that the MoVTeNbO M1 phase is the 
overall best catalyst in propane ammoxidation to ACN based on its relatively high selectivity to 
ACN and highest activity among all M1 variants investigated in this study.  
5.3.2.2 Propylene ammoxidation over MoV(Te,Sb)(Nb,Ta)O M1 and M2 phase catalysts 
The both MoVTeNbO M1 and M2 phases were previously shown to be active for 
propylene (amm)oxidation [1, 19, 20, 22]. However, few studies directly compared the catalytic 
performance of the M1 and M2 phases in propylene ammoxidation [20, 32], whereas other 
chemical compositions, e.g, MoVTeTaO, MoVSbNbO, MoVSbTaO, MoVSbO, have not been 
investigated. Therefore, all MoV(Te,Sb)(Nb,Ta)O M1 and M2 phase catalysts were systematically 
investigated in propylene ammoxidation in this study. 
The ACN selectivity of all MoV(Te,Sb)(Nb,Ta)O M1 and M2 phase catalysts was plotted 
against propylene conversion as a function of reaction temperatures in Figure 5.7 and 5.8, 
respectively. All MoV(Te,Sb)(Nb,Ta) M1 phase catalysts were found to be selective to ACN, 
depending on the chemical composition. These findings are in good agreement with the results of 
previous studies [1, 2, 34], where the M1 phase contained the active surface sites capable of both 
propane and propylene activation to ACN. Interestingly, the MoVSbNbO and MoVSbTaO M1 
phases displayed ~ 80 mol. % selectivity to ACN, whereas the MoVTeNbO and MoVTeTaO M1 
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phases shows 60 ~ 65 mol. % selectivity to ACN at ~15 % propylene conversion (Figure 5.7). This 
observation suggested that the Sb and Te cations, incorporated into the M1 lattice behave 
differently during propylene ammoxidation, although both of them were proposed to have the same 
function, i.e., activating propylene through α-hydrogen abstraction to ACN.      
 
Figure 5.7. Selectivity to ACN as a function of propylene conversion over the 
MoV(Te,Sb)(Nb,Ta)O M1 phase catalysts in propylene ammoxidation; Reaction conditions: 
C3H6:NH3:O2:He=5.7:8.6:17.1:68.6 (%); total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction 


































Figure 5.8. Selectivity to ACN as a function of propylene conversion over the 
MoV(Te,Sb)(Nb,Ta)O M2 phase catalysts in propylene ammoxidation; Reaction conditions: 
C3H6:NH3:O2:He=5.7:8.6:17.1:68.6 (%); total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction 
temperature: 653-713 K.  
 
All MoV(Te,Sb)(Nb,Ta)O M2 phase catalysts were found to possess different selectivities 
as shown in Figure 5.8, with the exception of the MoVSbO M2 phase which was found to be 
inactive in propylene ammoxidation under the experimental conditions of this study. The 
MoVTeNbO, MoVTeTaO, MoVSbNbO M2 phases displayed relatively high selectivity toward 
ACN (70 ~ 80 mol. %) while the MoVSbTaO shows relatively low selectivity to ACN (~ 40 
mol. %) in propylene ammoxidation at low propylene conversion (~ 15 %).  
Similar to the catalytic activity of the MoV(Te,Sb)(Nb,Ta)O M1 phases in propane 
ammoxidation, the propylene consumption over the MoV(Te,Sb)(Nb,Ta)O M1 and M2 phase 
catalysts in propylene ammoxidation was assumed to be the first-order irreversible reaction [35]. 


































M2 of the MoV(Te,Sb)(Nb,Ta)O catalysts are shown in Figures 5.2 and 5.3 of Supporting 
Information, respectively. The linear nature of the Arrhenius plots of the MoV(Te,Sb)(Nb,Ta)O 
M1 and M2 phase catalysts reported in Figures 5.2 and 5.3 of Supporting Information further 
supported our assumption that the propylene consumption over the MoV(Te,Sb)(Nb,Ta)O M1 and 
M2 phase catalysts in propylene ammoxidation is indeed a 1st order reaction. 
 
Figure 5.9. Reaction rate constants of propylene consumption, k”(C3H6), vs. reaction temperature 
for the MoV(Te,Sb)(Nb,Ta)O M1 and M2 phase catalysts in propylene ammoxidation; Reaction 
conditions: C3H6:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 mL•min-1; 0.2 g catalyst.  
 
Figure 5.9 shows a comparison of the reaction rate constants for propylene consumption, 
k”(C3H6), over all MoV(Te,Sb)(Nb,Ta)O M1 and M2 phases in propylene ammoxidation as a 
function of reaction temperature in the range of 613-713 K. The k”(C3H6) values for all 
MoV(Te,Sb)(Nb,Ta)O M1 phase catalysts showed some dependence on the chemical 
compositions, while the k”(C3H6) values for all MoV(Te,Sb)(Nb,Ta)O M2 phases displayed 

































The k”(C3H6) of MoV(Te,Sb)(Nb,Ta)O M2 phases decreased in the following order: MoVTeTaO 
> MoVSbNbO > MoVTeNbO > MoVSbTaO. It is highly important to note that k”(C3H6) of 
MoV(Te,Sb)(Nb,Ta)O M1 phases were dramatically higher than those of respective 
MoV(Te,Sb)(Nb,Ta)O M2 phases at the same reaction temperature. These findings strongly 
indicated that all M1 phases are much more active than all M2 phases in converting propylene to 
ACN regardless of their chemical composition. In a previous study, Holmberg et al. [23] prepared 
the MoVTeNbO catalysts that contained a mixture of the M1, M2, and rutile phase, and correlated 
the catalytic activity, expressed as % conversion per m2 of surface area, and the selectivity to ACN 
in propylene ammoxidation with the content of these phases, expressed as the ratios of major XRD 
reflections of each phase. They found all three phases to have similar activity, with M1 being 
slightly more active than the M2 and rutile phase. However, the results of our systematic study 
that employed pure, well-defined M1 and M2 phases provided direct evidence that all M1 phases 
were significantly more active than all M2 phases in propylene ammoxidation, as expressed by 
their 1st order irreversible reaction rate constants normalized to their BET surface area as discussed 
further below for specific MoV(Te,Sb)(Nb,Ta)O compositions.  Our results are further supported 
by the earlier findings of Ishchenko et al. [36], which showed the MoVTeNbO M1 phase to possess 
much higher activity as compared to the M2 phase in propylene oxidation reaction.    
5.3.3 Synergy of MoV(Te,Sb)(Nb,Ta)O M1 and M2 phases in propane ammoxidation 
5.3.3.1 MoVTeNbO M1, M1/M2, and as-synthesized catalysts in propane ammoxidation 
The improvement of the yield of acrylic acid and ACN in propane (amm)oxidation over a 
mixture of the MoVTeNbO M1 and M2 phases were reported by several groups [2, 19, 22, 24, 25]. 
Holmberg et al. [20] suggested that the increase in the yield of ACN as a result of the M1/M2 
synergy is explained by the conversion of unreacted propylene intermediate migrating from the 
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M1 to M2 phase [1, 2]. Baca et al. [22] also proposed the participation of the M2 phase in 
transformation of propylene formed on M1 phase as one of the origins of the synergy effect. 
However, a recent study from our group indicated that the MoVTeNbO M1 phase is the 
only active and selective phase in propane ammoxidation to ACN [32]. This conclusion is based 
on the findings that the MoVTeNbO M1 phase was more efficient in propane ammoxidation at 
longer reactor residence times and higher propane conversion [32]. In addition, Ishchenko et al. 
[36] proposed that the M1 phase is sufficient for the oxidation of propane to acrylic acid while the 
M2 phase is undesirable due to its lower activity and selectivity as compared to the M1 phase. 
Therefore, it is important to elucidate the existence of the synergy effect between the MoVTeNbO 
M1 and M2 phases in propane ammoxidation. 
Therefore, a systematic study of propane and propylene ammoxidation over (1) pure M1, 
(2) pure M2, (3) M1/M2 physical mixtures, and (4) as-synthesized MoVTeNbO catalysts was 
conducted in order to probe the existence of the synergy effect for this catalytic system. The 
M1/M2 catalyst is a physical mixture of the M1 and M2 phases (M1:M2=1:1 mass ratio) described 
in experimental section. The M1:M2 content (wt. %) in the as-synthesized MoVTeNbO catalyst 
was estimated to be 0.75:0.25 (Table 5.2). The selectivities to ACN for the MoVTeNbO M1, 
M1/M2, and as-synthesized catalysts in propane ammoxidation are plotted as a function of propane 
conversion in Figure 5.4 of Supporting Information. These results suggested improved selectivities 
to ACN for the M1/M2 and as-synthesized catalysts as compared to the pure M1 at low propane 
conversion (< 20 %) during propane ammoxidation (Figure 5.4 of Supporting Information).  
However, the selectivities to ACN of all catalysts became similar at propane conversion > 
50 %. This result is similar to that observed in the earlier study [32] where the as-synthesized 
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MoVTeNbO catalyst (75 % M1 and 25 % M2) was found to be more efficient at low to moderate 
propane conversion (~ 50 %), but the M1 phase alone became more efficient as propane conversion 
increased above 50 % during its ammoxidation. Therefore, these results suggested that the M1 
phase alone is sufficiently active in propane ammoxidation, while some improvement in the 
selectivity to ACN was observed for the M2-containing catalysts at low propane conversion. 
 
Figure 5.10. Reaction rate constants of propane consumption, k”(C3H8), vs. reaction temperature 
for the MoVTeNbO M1, M1/M2, and as-synthesized catalysts in propane ammoxidation; Reaction 
conditions: C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 mL•min-1; 0.2 g catalyst.  
The kinetic studies of the MoVTeNbO M1, M1/M2, and as-synthesized catalysts were 
conducted to further understand the observed improvement of the ACN selectivity at low propane 
conversion reported in Figure 5.4 of Supporting Information. The propane reaction rate constants, 
k”(C3H8), of the MoVTeNbO M1, M1/M2, and as-synthesized catalysts are plotted against the 
reaction temperature in Figure 5.10. If one assumes that the M2 phase is inactive towards propane 
and only converts propylene to ACN, then the pure M1 phase catalyst was expected to display the 





























which contained a significant fraction of the inactive M2 phase. For instance, the M1/M2 catalyst 
contained 50 wt. % M2, while the as-synthesized catalyst contained 25 wt. % M2 (Table 5.2). 
However, k”(C3H8) of the M1/M2 catalyst was higher than that of the M1 catalyst above 653 K as 
shown in Figure 5.10, which is against this expectation. This higher k”(C3H8) of the M1/M2 
catalyst as compared to that of the pure M1 phase suggested three possible scenarios: (1) the M2 
phase participation in propane activation; (2) detrimental impact of the H2O2 treatment employed 
to remove the M2 phase on the surface chemistry of the resulting pure M1 phase; and (3) enhanced 
catalytic activity of the M1 phase due to preferential exposure of fresh ab planes as a result of 
crushing the M1/M2 phase mixture to improve its interfacial contact. The results of the previous 
[20-22, 37-39] and present study clearly demonstrated that the M2 phase is not capable of propane 
activation. Therefore, the only reasonable explanations for the high k”(C3H8) value of the M1/M2 
catalyst are scenarios 2 and 3 above.  
As described in the experimental section, the as-synthesized M1/M2 catalyst was treated 
by H2O2 to selectively dissolve the M2 phase for preparation of the pure M1 phase. We speculate 
that the H2O2 treatment not only dissolves the bulk M2 phase but also removes some surface 
component from the remaining M1 phase, which has a detrimental impact on its catalytic activity. 
Therefore, the M1 phase obtained after the H2O2 treatment is expected to be different from the M1 
phase present in the as-synthesized catalyst because it might lacks some surface metal oxide 
species important for its activity towards propane. The detrimental impact of the H2O2 treatment 
on the M1 phase is further discussed in section 5.3.4.  
On the other hand, while the pure M1 phase after the H2O2 treatment was not crushed prior 
to its catalytic testing, this pure M1 was thoroughly ground together with the M2 phase in a mortar 
and pestle for 10 min for the preparation of the M1/M2 catalyst because the synergy effect was 
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previously claimed only when these phases were mixed on micro-scale to improve their interfacial 
contact (for particles <5 μm) [20]. It is well known that this grinding preferentially exposes fresh 
ab planes of the M1, which are proposed to contain active and selective surface sites for propane 
ammoxidation [24, 40, 41]. A study of the MoVTeNbO M1 phase that selectively exposed ab 
planes also provided additional evidence that the ab planes may contain the active and selective 
sites for propane ammoxidation [42]. The higher BET surface area of the M1/M2 catalyst than the 
M1 phase reported in Table 5.2 further supports the proposal that the M1/M2 grinding increased 
the surface area of freshly exposed ab planes of the M1 phase. Therefore, observed high k”(C3H8) 
of the M1/M2 catalyst for propane ammoxidation shown in Figure 5.10 can be explained by the 
additionally exposed ab planes exposed by grinding as reported previously which is a well-known 
phenomenon reported as the grinding effect [32]. This grinding effect can explain the improved 
selectivity to ACN over the M1/M2 catalyst at low propane conversion (Figure 5.4 of Supporting 
Information), while the removal of some surface active species from the M1 surface by H2O2 may 
explain lower catalytic activity of the pure M1 phase thus obtained.  
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5.3.3.2 MoVTeNbO M1, M2, M1/M2, and as-synthesized catalysts for propylene ammoxidation 
 
Figure 5.11. Reaction rate constants of propylene consumption, k” (C3H6), vs. reaction 
temperature for the MoVTeNbO M1, M2, M1/M2, and as-synthesized catalysts in propylene 
ammoxidation; Reaction conditions: C3H6:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 
mL•min-1; 0.2 g catalyst. 
The kinetic studies of the MoVTeNbO M1, M2, M1/M2, and as-synthesized catalysts were 
performed in order to further understand their catalytic behavior in propylene ammoxidation. The 
propylene consumption rate constants, k”(C3H6), of the M1, M2, M1/M2, and as-synthesized 
catalysts were plotted against the reaction temperature in Figure 5.11. It appeared that all M1-
containing phases are more active toward propylene than the pure M2 even though the reaction 
temperature ranges do not overlap under the reaction conditions of this kinetic study (Figure 5.11). 
Furthermore, the k”(C3H6) values of the M1, M2, M1/M2, and as-synthesized catalysts were 
estimated based on Arrhenius fits (Figure 5.2 and 5.3 of Supporting information) at the same 
temperature, 673 K, and these k”(C3H6) values, normalized to the k”(C3H6) value of the M2 phase, 
were compared; M1 : M1/M2 : as-syn : M2 = 65 : 44 : 31 : 1. These results clearly indicated that 































M2 phase may be somewhat more selective than the M1 phase toward ACN in propylene 
ammoxidation (Figures 5.7 and 5.8). Slightly lower selectivity of the pure M1 phase during 
propylene ammoxidation as compared to the pure M2 phase may be also explained by the partial 
removal of some surface active species from the M1 surface after the H2O2 treatment. Most 
importantly, these findings strongly suggested the absence of the M1/M2 synergy effect because 
the M2 phase is inactive in propane ammoxidation and significantly less active than the M1 phase 
in propylene ammoxidation. Moreover, the improved selectivity to ACN observed for the 
MoVTeNbO M1/M2 catalyst in propane ammoxidation can instead be explained by crushing the 
M1 phase, which selectively exposes fresh surface ab planes proposed to be active and selective 
in propane (amm)oxidation [24, 40, 43]. 
5.3.3.3 MoVTeTaO M1, M1/M2, and as-synthesized catalysts in propane ammoxidation 
The selectivities to ACN during propane ammoxidation over the MoVTeTaO M1, M1/M2, 
and as-synthesized catalysts are plotted as a function of propane conversion in Figure 5.5 of 
Supporting Information. The M1/M2 and as-synthesized catalysts (Figure 5.5 of Supporting 




Figure 5.12. Reaction rate constants of propane consumption, k”(C3H8), vs. reaction temperature 
for the MoVTeTaO M1, M1/M2, and as-synthesized catalysts in propane ammoxidation; Reaction 
conditions: C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 mL•min-1; 0.2 g catalyst. 
We further performed the kinetic studies of the MoVTeTaO M1, M1/M2, and as-
synthesized catalysts in propane ammoxidation (Figure 5.12) in order to understand the greater 
selectivity to ACN observed for the MoVTeTaO M1/M2 and as-synthesized catalysts in propane 
ammoxidation as compared to pure M1 phase (Figure 5.5 of Supporting Information). The propane 
consumption rate constants, k”(C3H8), of the MoVTeTaO M1, M1/M2, and as-synthesized 
catalysts are plotted against the reaction temperature in Figure 5.12. Similar to the MoVTeNbO 
M2 phase, the MoVTeTaO M2 phase was also found to be inactive for propane ammoxidation in 
this study, which agrees well with the results of Grasselli et al. [25]. The high k”(C3H8) values of 
the MoVTeTaO M1/M2 catalyst for propane ammoxidation (Figure 5.12) can also explained by 
the additionally exposed ab planes produced by grinding as reported previously [32]. This grinding 































Supporting Information), while the removal of some surface active species from the M1 surface 
by H2O2 treatment may explain lower catalytic activity of the pure M1 phase thus obtained.    
5.3.3.4 MoVTeTaO M1, M2, M1/M2, and as-synthesized catalysts in propylene ammoxidation 
The kinetic studies of the MoVTeTaO M1, M2, M1/M2, as-synthesized catalysts in 
propylene ammoxidation were conducted in order to understand somewhat higher selectivity to 
ACN for the MoVTeTaO M1/M2 and as-synthesized catalysts as compared to pure M1 phase 
(Figure 5.5 of Supporting Information). The propylene consumption rate constants, k”(C3H6), for 
the MoVTeTaO catalysts were plotted against the reaction temperature in Figure 5.13. Similar to 
that observed for the MoVTeNbO catalysts, the MoVTeTaO M1, M1/M2, and as-synthesized 
catalysts showed similar propylene consumption rate constants, k”(C3H6), reported in Figure 5.13. 
At the same reaction temperature (e.g., 653 K), the k” (C3H6) of the M2 phase is lower than that 
of all M1-containing catalysts. This result indicated that the M2 phase would produce ACN at a 
lower yield than the M1 phase due to the low activity of the M2 phase in propylene ammoxidation, 
even though it is somewhat more selective to ACN (Figures 5.7 and 5.8). Therefore, these results 
indicated that the MoVTeTaO M1 phase is significantly more efficient than the MoVTeTaO M2 
phase in terms of converting the propylene intermediate to ACN. This conclusion further suggests 





Figure 5.13. Reaction rate constants of propylene consumption, k” (C3H6), vs. reaction 
temperature for the MoVTeTaO M1, M2, M1/M2, and as-synthesized catalysts in propylene 
ammoxidation; Reaction conditions: C3H6:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 
mL•min-1; 0.2 g catalyst. 
5.3.3.5 MoVSbNbO M1, M1/M2, and as-synthesized catalysts in propane ammoxidation 
Baca et al. [22] studied the catalytic behavior of the MoVTe(Sb)NbO M1 and M2 phases 
in the oxidation of propane to acrylic acid and found no synergy effect between the M1 and M2 
phase. However, the synergy effect for propane ammoxidation over the MoVSbNbO catalysts has 
not been investigated. Therefore, the MoVSbNbO M1, M1/M2, and as-synthesized catalysts were 
investigated in order to probe the existence of the synergy effect for the MoVSbNbO system in 
propane ammoxidation to ACN. The selectivities to ACN in propane ammoxidation for all 
MoVSbNbO catalysts were plotted as a function of propane conversion in Figure 5.6 of Supporting 
Information, which demonstrated enhanced selectivity to ACN for the M1/M2 and as-synthesized 





























We further performed the kinetic studies of the MoVSbNbO M1, M1/M2, and as-
synthesized catalysts in propane ammoxidation in order to understand the improved ACN 
selectivity for the M1/M2 and as-synthesized catalysts in propane ammoxidation as compared to 
the pure M1 phase (Figure 5.6 of Supporting Information). The k”(C3H8) values of the M1, M1/M2, 
and as-synthesized catalysts are plotted against the reaction temperature in Figure 5.14. Similar to 
the MoVTe(Nb,Ta)O M2 phase, the MoVSbNbO M2 phase was also found to be inactive for 
propane ammoxidation in this study. Since M2 phase is inactive towards propane, the pure M1 
phase catalyst was presumed to display the highest k”(C3H8) value as compared to the M1/M2 (50% 
M1 and 50% M2) and as-synthesized catalysts (50% M1 and 50% M2) according to Table 5.2. 
However, the M1/M2 and as-synthesized catalyst showed higher k”(C3H8) values than the pure 
M1 phase above 653 K as shown in Figure 5.14. As explained in section 5.3.3.1, three possible 
scenarios are available for explaining this high k”(C3H8) of the M1/M2 catalyst and low k”(C3H8) 
of the pure M1 catalyst. The first scenario is excluded because the MoVSbNbO M2 was found to 
be incapable of propane activation in present study. Therefore, the only reasonable explanations 
for the high k”(C3H8) values of the M1/M2 catalyst are scenarios 2 and 3 as described in section 
5.3.3.1. Therefore, the lack of some surface metal oxide species important for its activity towards 
propane during the H2O2 treatment according to scenario 2 can explain the low activity of the pure 
M1 phase as compared to the M1/M2 and as-synthesized catalysts in propane ammoxidation to 
ACN (Figure 5.14), while the observed high k”(C3H8) of the M1/M2 catalyst for propane 




Figure 5.14. Reaction rate constants of propane consumption, k”(C3H8), vs. reaction temperature 
for the MoVSbNbO M1, M1/M2, and as-synthesized catalysts in propane ammoxidation; Reaction 
conditions: C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 mL•min-1; 0.2 g catalyst.  
5.3.3.6 MoVSbNbO M1, M2, M1/M2, and as-synthesized catalysts in propylene ammoxidation 
The MoVSbNbO M1, M2, M1/M2, and as-synthesized catalysts were tested in order to 
provide additional insights into catalytic behavior of the M1 and M2 phases in propylene 
ammoxidation. It was found that both the MoVSbNbO M1 and M2 phases were active and 
selective to ACN in propylene ammoxidation similar to that observed for the MoVTe(Nb,Ta)O 
system. Moreover, the MoVSbNbO M1 and M2 phases showed very similar ACN selectivity 





























Figure 5.15. Reaction rate constants of propylene consumption, k” (C3H6), vs. reaction 
temperature for the MoVSbNbO M1, M2, M1/M2, and as-synthesized catalysts in propylene 
ammoxidation; Reaction conditions: C3H6:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 
mL•min-1; 0.2 g catalyst. 
 
The k”(C3H6) values for the MoVSbNbO catalysts were plotted against the reaction 
temperature in Figure 5.15. Figure 5.15 indicated that the k” (C3H6) values of the M1-containing 
catalysts are much higher than those of the pure M2 phase at the same reaction temperature (e.g., 
653 K). In particular, k” (C3H6) of the pure M1 phase is approximately three time higher than that 
of the pure M2 phase at 653 K, while their selectivity to ACN was similar This result clearly 
suggested that the M2 phase would yield less ACN than the M1 phase due to its lower activity in 
propylene ammoxidation (Figures 5.7 and 5.8). Therefore, these findings indicated the absence of 
synergy effect for the MoVSbNbO M1/M2 phases in the ammoxidation of propane to ACN 
because the MoVSbNbO M1 phase is significantly more efficient than the MoVSbNbO M2 phase 
































5.3.3.7 MoVSbTaO M1, M1/M2, and as-synthesized catalysts in propane ammoxidation 
The catalytic behaviors of the MoVSbTaO M1, M1/M2, and as-synthesized catalysts were 
investigated for the first time in propane ammoxidation to ACN. The selectivities of the 
MoVSbTaO M1, M1/M2, and as-synthesized catalysts during propane ammoxidation to ACN 
were plotted against propane conversion and shown in Figure 5.7 of Supporting Information. All 
MoVSbTaO catalysts showed similar maximum ACN selectivities suggesting the absence of the 
synergy effect for the MoVSbTaO system in propane ammoxidation.  
 
Figure 5.16. Reaction rate constants of propane consumption, k”(C3H8), vs. reaction temperature 
for the MoVSbTaO M1, M1/M2, and as-synthesized catalysts in propane ammoxidation; Reaction 
conditions: C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 mL•min-1; 0.2 g catalyst.  
The k”(C3H8) values of the MoVSbTaO M1, M1/M2, and as-synthesized catalysts are 
plotted against the reaction temperature in Figure 5.16 to provide further insights into catalytic 
behavior of newly reported MoVSbTaO system in propane ammoxidation. The grinding effect 
based on scenario 3 is likely to be responsible for the observed high k”(C3H8) values of the M1/M2 


























as compared to the M1/M2 and as-synthesized catalysts (Figure 5.16) can be explained by removal 
of some surface active species from the M1 surface by the H2O2 treatment according to scenario 
2. 
5.3.3.8 MoVSbTaO M1, M2, M1/M2, and as-synthesized catalysts in propylene ammoxidation 
The selectivities to ACN in propylene ammoxidation for the MoVSbTaO M1, M2, M1/M2, 
and as-synthesized catalysts were plotted against propylene conversion in Figure 5.17. It was found 
that the catalytic behavior of the MoVSbTaO M2 phase in propylene ammoxidation was very 
different from other M2 phases (Figure 5.8), and the M2 phase showed poor selectivity to ACN as 
compared to the M1 phase in propylene ammoxidation (Figure 5.17).  
 
Figure 5.17. Selectivity to ACN as a function of propylene conversion over the MoVSbTaO M1, 
M2, M1/M2, and as-synthesized catalysts during propylene ammoxidation; Reaction conditions: 
C3H6:NH3:O2:He=5.7:8.6:17.1:68.6 (%); total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction 


































Figure 5.18. Reaction rate constants of propylene consumption, k” (C3H6), vs. reaction 
temperature for the MoVSbTaO M1, M2, M1/M2, and as-synthesized catalysts in propylene 
ammoxidation; Reaction conditions: C3H6:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 
mL•min-1; 0.2 g catalyst. 
The k”(C3H6) values of the MoVSbTaO M1, M1/M2, and as-synthesized catalysts are 
plotted against the reaction temperature in Figure 5.18, which shows that the MoVSbTaO M2 
phase is significantly less active than the M1-containing catalysts at the same reaction temperature 
(e.g., 653 K). Therefore, the low ACN selectivity (Figure 5.17) and activity (Figure 5.18) of the 
M2 phase as compared to the M1 phase in propylene ammoxidation clearly suggested the lack of 
the M1/M2 synergy effect for the MoVSbTaO system in propane ammoxidation.  
5.3.3.9 MoVSbO M1, M1/M2, and as-synthesized catalysts in propane ammoxidation 
As mentioned in the introduction, the MoVSbO M2 phase showed poor selectivity toward 
acrylic acid contrary to that found for the MoVTeNbO system [27], suggesting the lack of synergy 
effect for the MoVSbO system in propane oxidation. In addition, the MoVSbO M1 and M2 phases 





























as-synthesized catalysts were probed for the synergy effect in propane ammoxidation. The 
selectivities to ACN for the MoVSbO M1, M1/M2, and as-synthesized catalysts are plotted as a 
function of reaction temperature in Figure 5.8 of Supporting Information. The M1/M2 and as-
synthesized catalysts (Figure 5.8 of Supporting Information) showed much higher selectivity to 
ACN than the M1 phase.  
 
Figure 5.19. Reaction rate constants of propane consumption, k”(C3H8), vs. reaction temperature 
for  the MoVSbO M1, M1/M2, and as-synthesized catalysts in propane ammoxidation; Reaction 
conditions: C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 mL•min-1; 0.2 g catalyst.  
 
The k”(C3H8) values of the MoVSbO M1, M1/M2, and as-synthesized catalysts are plotted 
as a function of reaction temperature in Figure 5.19. The MoVSbO M2 phase was tested and found 
to be inactive in propane ammoxidation similar to other M2 phases, which is consistent with the 
results of a previous study [27]. Figure 5.19 further showed that the M1/M2 catalyst containing 50 



























may be understood in terms of three possible scenarios described in section 5.3.3.1. Similar to that 
observed for other M1/M phase systems, the first scenario was excluded because the MoVSbO 
M2 phase is inactive towards propane. Therefore, the high k”(C3H8) values of the M1/M2 catalyst 
in Figure 5.19 may be explained by the M1 phase grinding [32] according to scenario 3. This 
grinding effect may also account for the enhanced ACN selectivity for the M1/M2 catalyst in 
propane ammoxidation (Figure 5.8 of Supporting Information). The removal of some active 
species from the M1 surface due to the H2O2 treatment may explain the observed low k”(C3H8) 
values of the pure M1 phase thus obtained.  
5.3.2.10 MoVSbO M1, M2, M1/M2, and as-synthesized catalysts in propylene ammoxidation 
Kinetic studies of the MoVSbO M1, M1/M2, and as-synthesized catalysts were performed 
in order to further understand higher selectivity to ACN for the M1/M2 and as-synthesized 
catalysts as compared to the pure M1 phase (Figure 5.8 of Supporting Information). The k”(C3H6) 
values of the MoVSbO M1, M1/M2, and as-synthesized catalysts were plotted against the reaction 
temperature in Figure 5.20, which showed that the k”(C3H6) of the M1/M2 catalyst is significantly 
higher than that of the pure M1 phase. The selectively exposed fresh surface ab planes resulted 
from the grinding of the M1 phase may be responsible for high k”(C3H6) values of the M1/M2 
catalyst as compared to the pure M1 phase in propylene ammoxidation because the MoVSbO M2 
phase was found to be inactive for propylene ammoxidation in this study. Moreover, the relatively 
low k”(C3H6) values of the pure M1 phase (Figure 5.20) may be explained by scenario 2 
(detrimental impact of the H2O2 treatment). Therefore, these findings suggested that the observed 
greater ACN selectivity for the MoVSbO M1/M2 catalyst in propane ammoxidation (Figure 5.8 
of Supporting Information) is not explained by the synergy effect but is due to mechanical grinding 




Figure 5.20. Reaction rate constants of propylene consumption, k” (C3H6), vs. reaction 
temperature for the MoVSbO M1, M2, M1/M2, and as-synthesized catalysts in propylene 
ammoxidation; Reaction conditions: C3H6:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 
mL•min-1; 0.2 g catalyst.  
5.3.4 Effects of H2O2 treatment and grinding on catalytic behavior of M1 phase 
The results of our kinetic studies indicated the lack of the synergy effect for all 
MoV(Te,Sb)(Nb,Ta)O M1/M2 phase variants, and suggested instead that the H2O2 treatment and 
mechanical grinding may be responsible for the observed reactivity trends in propane 
ammoxidation. The decrease of k”(C3H8) of all pure MoV(Te,Sb)(Nb,Ta)O M1 phase catalysts  is 
consistent with H2O2 treatment partially removing surface components from the M1 phase that are 
important for its activity in propane ammoxidation. For example, it may be further proposed that 
the H2O2 treatment may selectively remove some surface TeOx species that are known to be 
important for the catalytic activity and selectivity of the M1 phase towards propane 
(amm)oxidation given the labile nature of the TeOx species for the MoVTe(Nb,Ta)O systems. It 
was previously demonstrated that the catalytic activity and selectivity of the two-component 


























species introduced by the incipient wetness impregnation [44]. Recent theoretical studies from our 
group further indicated that the surface TeOx species may participate in both propane and 
propylene activation through α-hydrogen abstraction during propane (amm)oxidation [45]. 
Therefore, the partial Te loss from the surface of the MoVTe(Nb,Ta)O M1 phase may explain 
decreased activity and selectivity of the H2O2-treated MoVTe(Nb,Ta)O M1 phase in propane 
ammoxidation.  
On the other hand, the recovery of catalytic activity after mechanical grinding of physical 
M1/M2 phase mixtures coincides with the generation of fresh surface ab planes of the M1 phase 
proposed to contain active and selective sites for propane ammoxidation [32]. Ueda et al. [46] 
found that grinding of Mo-V-M-O (M=Al, Ga, Bi, Sb, and Te) M1 phase catalysts, increased the 
conversion of propane and selectivity to acrylic acid in propane oxidation. Ohihara et al. [47] 
proposed that the grinding of catalysts is the most effective determinant for increased activity and 
selectivity to acrylic acid in propane oxidation. They concluded that the ab planes of the M1 phase 
are responsible for selective oxidation of propane to acrylic acid. In an earlier study from our group 
[42], the MoVTeNbO M1 phase was first coated by atomic layer deposition (ALD) method with 
alumina, which made it inactive in propane ammoxidation. This alumina-coated M1 phase was 
ground to expose fresh ab planes of the M1 phase which restored the catalytic activity, suggesting 
the ab planes of the M1 phase may be responsible for its high activity and selectivity in propane 
ammoxidation [42]. In another study from our group [32], crushing MoVTeTaO M1 phase 




Figure 5.21. Reaction rate constants of propane consumption, k”(C3H8), vs. reaction temperature 
of the as-synthesized MoVTeNbO [as-syn], the M1 phase after the H2O2 treatment [M1(H2O2)], 
and M1 ground after the H2O2 treatment [M1(H2O2/ground)] catalysts in propane ammoxidation; 
Reaction conditions: C3H8:NH3:O2:He=6:7:17:70; total flow rate, 20 mL•min-1; 0.2 – 0.4 g catalyst. 
The effect of the H2O2 treatment and subsequent grinding of the M1 phase was recently 
further investigated by our group for the MoVTeNbO system [48]. The reaction rate constants, 
k”(C3H8), of propane consumption for the as-synthesized MoVTeNbO catalyst containing a 
mixture of the M1 and M2 phases, pure MoVTeNbO M1 phase after the H2O2 treatment, and 
MoVTeNbO M1 phase ground after the H2O2 treatment are shown in Figure 5.21. The detailed 
information about these catalysts is summarized in Table 5.1 of Supporting Information. The 
activity of the M1 phase decreased after the H2O2 treatment as compared to the as-synthesized 
catalyst. On the other hand, grinding of the M1 phase after the H2O2 treatment not only restored 
the catalytic activity, but further enhanced it as compared to the as-synthesized catalyst. The 
activation energies of propane consumption estimated from the Arrhenius plots of k”(C3H8) of 
these three catalysts were in the 103-108 kJ/mol range indicating the similar nature of propane-


























Table 5.3. Elemental compositions and BET surface areas of the MoVTe(Nb,Ta)O M1 phase 
catalysts and elemental compositions of used H2O2 treatment solutions. 
Samples 






M1 Nb HT H2O2  1/0.28/0.13/0.07e   
M1 HT (0.09) 1.00/0.31/0.22/0.09 1/0.32/0.11/0.22 22.4 37.2 
M1 HT (0.09) H2O2  1/0.28/0.14/0.00   
M1 HT (0.12) H2O2  1/0.26/0.09/0.04e   
M1 HT (0.15) 1.00/0.31/0.22/0.15 1/0.38/0.13/0.23 4.9 12.3 
M1 HT (0.15) H2O2  1/0.25/0.20/0.20   
M1 MW 1.00/0.31/0.22/0.12 1/0.25/0.14/0.35 3.1 17.7 
M1 MW H2O2  1/0.26/0.29/0.14   
a Synthesis compositions; b S.A. = BET surface areas; c for as-synthesized catalysts; d for pure M1 phases; 
e corresponding M1 phase composition shown in Table 5.2; MW (Microwave-assisted hydrothermal 
synthesis); HT (Hydrothermal synthesis) 
 
 
Figure 5.22. Elemental ratios in H2O2 solutions (s) referenced to elemental ratios in the H2O2-
treated M1 phases (b) (Tables 5.2 and 5.3). 
The ground MoVTeNbO M1 phase catalyst was further treated by aqueous 30% H2O2 as 


























removed from the M1 phase by H2O2. The pure MoVTeTaO M1 catalysts (HT 0.09, HT 0.12, HT 
0.15 and MW) were also ground and treated by H2O2. The details of preparation of these catalysts 
were described in the experimental section of Chapter 2. The H2O2 solutions after this treatment 
were separated from the solid catalyst by centrifugation and analyzed by ICP-MS (Table 5.3). 
These metal concentrations were converted to metal ratios by normalizing them to their Mo 
concentrations, which were in turn divided by their content in the bulk M1 phases in order to 
determine the nature of metal species preferentially leached by H2O2. These normalized ratios are 
shown in Figure 5.22 indicating that V and especially Ta and Nb were relatively depleted in the 
H2O2 solution as compared to Te. The average elemental M(s)/M(b) ratio for the four MoVTeTaO 
M1 phases were 1.39 for Te, 0.79 for V, and only 0.36 for Ta. These conclusions are further 
supported by the ICP-MS analysis of three other MoVTeTaO M1 phases shown in Table 5.3 that 
were treated similarly. The average elemental M(s)/M(b) ratio for the four MoVTeTaO M1 phases 
were 1.39 for Te, 0.79 for V, and only 0.36 for Ta. These findings confirmed the hypothesis that 
the H2O2 treatment indeed removes metal oxides species from the M1 phase and does so 
preferentially towards the TeOx, which is detrimental for its catalytic activity and selectivity in 
propane (amm)oxidation. 
5.4. Conclusions  
In this study, we systematically explored the catalytic activity and selectivity of the 
MoV(Te,Sb)(Nb,Ta)O M1 and M2 phase catalysts prepared by the slurry evaporation (SE) and 
hydrothermal synthesis (HT) methods in propane ammoxidation. For the very first time, the 
MoVSbTaO M1 and M2 phases were synthesized and characterized. It was found that the newly 
synthesized MoVSbTaO M1 and M2 phase are also active and selective in propane (M1 phase 
only) and propylene (M1 and M2 phase) ammoxidation. This study confirmed that the 
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MoVTeNbO M1 phase is the best catalyst for propane ammoxidation because of its high activity 
and selectivity to ACN. It was also found that the M2 phases of all compositions investigated here 
were active in propylene ammoxidation except the MoVSbO M2 phase, but displayed different 
selectivities to ACN depending on chemical composition.  
Most importantly, the kinetic study of the MoV(Te,Sb)(Nb,Ta)O M1 and M2 phases in 
propylene ammoxidation revealed for the very first time that the M2 phases are significantly less 
active than the corresponding M1 phases in propylene ammoxidation. The findings of this study 
do not support the existence of the synergy effect for any MoV(Te,Sb)(Nb,Ta)O M1/M2 system. 
Instead, the observed trends of the MoV(Te,Sb)(Nb,Ta)O catalysts in propane ammoxidation were 
consistent with partial loss of some surface active species from the surface of the M1 phase during 
the H2O2 treatment and generation of fresh ab planes of the M1 phase via mechanical grinding of 
the H2O2 treated M1 phase. These findings provided further evidence that the M1 phase is the only 
phase required for the activity and selectivity of the MoV(Te,Sb)(Nb,Ta)O catalysts  in propane 
ammoxidation to ACN. 
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5.7. Supporting Information for Chapter 5 
 
Table S5.1. Elemental composition and BET surface areas of the MoVTeNbO M1 phase 
catalysts. 
Catalysts 
Preparative a  
(Mo/V/Te/Nb) 
Surface area (m2/g)b 
as-synthesized MoVTeNbO 1/0.3/0.17/0.12 9.8 
M1 phase after the H2O2 treatment  10.1 
M1 ground after the H2O2 treatment   14 
a Synthesis composition in the slurry; b measured by the BET method. 
 
 
Figure S5.1. Arrhenius plots of k” of propane consumption over the MoV(Te,Sb)(Nb,Ta)O M1 
phase catalysts in propane ammoxidation; Reaction conditions: 
C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction 


























Figure S5.2. Arrhenius plots of k” of propylene consumption over the MoV(Te,Sb)(Nb,Ta)O M1 
phase catalysts in propylene ammoxidation; Reaction conditions: 
C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction 
temperature: 623-733 K. 
 
 
Figure S5.3. Arrhenius plots of k” of propylene consumption over the MoV(Te,Sb)(Nb,Ta)O M2 
phase catalysts in propylene ammoxidation; Reaction conditions: 
C3H8:NH3:O2:He=5.7:8.6:17.1:68.6; total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction 




















































Figure S5.4. Selectivity to ACN as a function of propane conversion over the MoVTeNbO M1, 
M1/M2, and as-synthesized catalysts during propane ammoxidation; Reaction conditions: 
C3H8:NH3:O2:He=5.7:8.6:17.1:68.6 (%); total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction 
temperature: 633-713 K.  
 
Figure S5.5. Selectivity to ACN as a function of propane conversion over the MoVTeTaO M1, 
M1/M2, and as-synthesized catalysts during propane ammoxidation; Reaction conditions: 
C3H8:NH3:O2:He=5.7:8.6:17.1:68.6 (%); total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction 


























































Figure S5.6. Selectivity to ACN as a function of propane conversion over the MoVSbNbO M1, 
M1/M2, and as-synthesized catalysts during propane ammoxidation; Reaction conditions: 
C3H8:NH3:O2:He=5.7:8.6:17.1:68.6 (%); total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction 
temperature: 653-733 K.  
 
Figure S5.7. Selectivity to ACN as a function of propane conversion over the MoVSbTaO M1, 
M1/M2, and as-synthesized catalysts during propane ammoxidation; Reaction conditions: 
C3H8:NH3:O2:He=5.7:8.6:17.1:68.6 (%); total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction 




























































Figure S5.8. Selectivity to ACN as a function of propane conversion over the MoVSbO M1, 
M1/M2, and as-synthesized catalysts during propane ammoxidation; Reaction conditions: 
C3H8:NH3:O2:He=5.7:8.6:17.1:68.6 (%); total flow rate, 26.3 mL•min-1; 0.2 g catalyst; reaction 
































Chapter 6. Future Research 
6.1. Design and synthesis of high performance M1 phase catalysts with optimal Mo/V 
distributions for propane (amm)oxidation to ACN  
In Chapter 2, the new probability models, i.e., Models 1-3, were developed for predicting 
the catalytic performance of the M1 phase in propane ammoxidation based on the metal site 
distribution of M1 phase catalysts. In chapter 4, we demonstrated the relationships between the 
catalytic behavior of the MoVTeTaO M1 phase catalysts and their Mo/V distributions 
determined by QSTEM-based HAADF-STEM image analysis according to Models 1-3. The 
predictive capability of these new models could be applied to design novel M1 phases with 
optimized Mo/V distributions, which would be highly promising for further enhancing the ACN 
yield beyond that currently achieved (~ 60 mol. %) in propane ammoxidation (Table 1.1).  
In particular, Models 2 and 3 discussed in Chapter 4 showed the trend of increasing ACN 
yield with the increase of V content and the probability of finding more than 2 V cations, 
P(V>2), in the S2-S4-S4-S7-S7 catalytic center, respectively. The observed trends suggest that 
increasing V content in the S2-S4-S4-S7-S7 center of M1 phase would be beneficial for further 
enhancing the ACN yield in propane ammoxidation. Therefore, new synthesis approaches aimed 
at increasing the V content in the S2-S4-S4-S7-S7 catalytic center of M1 phase catalyst should 
be pursued in future studies.   
6.2. Novel layered M1/M2 catalysts for selective propane (amm)oxidation 
In Chapter 5, a systematic study of all compositional MoV(Te,Sb)(Nb,Ta)O M1 and M2 
variants in propane/propylene ammoxidation to ACN suggested the absence of the synergy effect 
for the conventional M1/M2 phases, e.g., as-synthesized or physical mixture, catalysts. The as-
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synthesized catalysts usually consist of micrometer or sub-micrometer sized rod-like crystals of 
the M1 phase (Figure 5.4) or platelet crystals of the M2 phase (Figure 5.5), thus making the 
phase interactions relatively long-ranged as well as strongly dependent on the arrangement of 
each phases. Therefore, it is reasonable to assume that the M1 and M2 phase mixing on the 
nanoscale may enhance the phase interactions during propane (amm)oxidation, thus improving 
the catalytic performance.  
Pyrz et al. [1] studied defects, grain boundaries, and intergrowth phases observed in 
various Mo-V-O materials using aberration-corrected high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) imaging technique. They observed the 
intergrowth of M1-type, Mo5O14-type, and trigonal in Mo-V-O complex oxide. For example, 
Figure 6.2 shows the intergrowth of two phases, M1-type and trigonal phase. The upper left 
portion of Figure 6.2 shows the trigonal phase, while the right bottom displays the M1-type 
structure. These findings suggested the possibility of existence of the M1 phase intergrown with 




Figure 6.2 . High-resolution HAADF-STEM image of Mo-V-O complex oxide. Idealized 
representations of the trigonal and the M1-type unit cell along with their respective plane groups 
are superimposed onto the image [1].   
Our recent study [2] provided direct evidence of existence of the M1/M2 intergrowths in 
Mo-V based complex oxide catalysts through the HAADF-STEM imaging. Figure 6.2a shows 
the surface of the M2 phase particle covered by multilayers of Mo6O21 type units, while Figure 
6.1b displays an intergrowth of the M1 and M2 phase particles. Therefore, this study 
demonstrated the possibility of synthesizing novel layered M1/M2 phase intergrowths where M1 
and M2 phase layers would have thickness of a few unit cells. These materials would represent 
novel phases with unknown but promising catalytic behavior where nanolayered M1 and M2 
phase intergrowths may display some interesting synergistic effects because of extremely short 
distances between M1 and M2 phase. In addition, these nanoscale intergrowths may also display 
completely new catalytic sites at the interfaces with unexplored catalytic functions in 
(amm)oxidation of lower alkanes. Therefore, developing new synthesis approaches for such 
nanolayered M1/M2 intergrowths should be pursued in future studies, as it may yield novel 
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catalytic materials with improved characteristics for selective (amm)oxidation of propane and 
other lower alkanes.  
 
Figure 6.2. a) M2 phase covered by Mo6O21 type units; b) intergrowth of M1 and M2 phases [2]. 
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